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I INTRODUCTION

I.A BACKGROUND AND SCOPE OF THE PROCEEDING

The Nuclear Regulatory Commission (the Commission or NRC) has
defined the scope of this rulemaking as follows (1):

The rurpose of this proceeding is solely to assess

gene ‘ically the degree of assurance now available that

rad oactive waste can be safely disposed of, to deter-

mine when such disposal or off-site storage will be

available, and to determine whether radioactive wastes

can be safely stored on-site past the expiration of

existing facility licenses until off-site disposal or

storage is available.

This rulemaking was initiated by the Commission in response to
the decision of the United States Court of Appeals in State of Minnesota v.
NRC (2). It also is a continuation of previous proceedings conducted by the
Commission concerning its confidence as to whether methods of safe disposal of
high-level nuclear wastes will be available when they are needed (3).

On 3 May 1979, the United States Court of Appeals for the
District of Columbi' Circuit remanded two licensing actions to the Commission
to consider whether an off-site storage solution for nuclear wastes will be
available by the expiration dates of the operating licenses of the Vermont
Yankee and Prairie Island nuclear power plants, to which the Commission had
granted permits to increase on-site spent fuel storage facilities, and, if
not, whether spent fuel can be storea z: e sites past those dates and unti)
an off-site solution is available. The court did not set aside or stay the
challenged license amendments.

The Commission, on 25 October 1979, issued a Notice of Proposed
Rulemaking which commenced this proceeding (1). Pursuant to that Notice, the
United States Department of Energy (the Department or DOE), on 23 November
1979, filed a Notice of Intent to be a Full Participant in this proceeding.
On 22 January 1980, a prehearing conference was held by the Presiding Officer




appointed by the Commission to monitor the early stages of the proceeding and
to assist the Commission in conducting the later porticns.

This Statement of Position is filed pursuant to the Order is-
sued by the Presiding Officer on 1 February 1980 (4). In wat Order, the
Presiding Officer sustained the Department's position that this proceeding
should consider, as the represeniative case for handling high-level nuclear
wastes, disposal and storage of spent nuclear fuel taken directly from commer-
cial power reactors. This approach is consistent with the fact that the Com-
mission previously suspended its further consideration of reprocessing of
spent fuel from commercial reactors, In the Matter of Generic Environmental
Statement of Mixed Oxide Fuel, Docket No. RM-50-5, 42 Fed. Reg. 65,334 (1977);
following the decision of the President on 7 April 1977 to defer indefinitely
all civilian reprocessing of spent fuel. In view of the fact that the

Commission need find reasonable assurance only that spent fuel in some form
can be safely stored and disposed of by any single method and the need to
avoid injection of extraneous matter into this already complicated proceeding,
it is appropriate to address the direct storage and disposal of spent fuel as
the representative case.*

The Presiding Officer also has ordered that this proceeding is
concerned solely with high-level waste, »nd that issues of low-level waste,
uranium mill tailings and the safety of transportation of waste materials are
not within its scope (4). Consequently, there is no necessity to explore here
thesa other issues, which have been or are being considered by the Commission
in other proceedings.

1.8 DEPARTMENT OF ENERGY AUTHORITY AND EXPERIENCE

The Department of Energy has the statutory mandate and lead re-
sponsibility to conduct for the Federal Government research concerning nuclear

*Assessing confidence in the ability to store and dispose of spent fuel does
not preiudge in any way using other approaches, such as the reprocessing of
spent fuel and solidification of resultant nuclear wastes. In view of contin-
ued interest in the potential performance of specially processed waste forms
in providing long-term isolation in disposal facilities, a summary of the
status of research and development programs considering these alternative
waste forms is provided in this Statement as additional background information.



waste management and the ultimate disposal of certain nuclear materials. The
President in a Message to Congress on 12 February 1980 reiterated the role of
the Department as the lead agency for the management and disposal of radio-
active wastes (5). (A copy of his Message is attached as Appendix A.)
Pursuant to this responsibility, the Department is conducting the National
Waste Terminal Storage (NWTS) Program to develop a plan for the disposal cf
radioactive waste, to develop methods to isolate such waste and to identify
appropriate sites for disposal facilities.

For interim storage of spent fuel, the Administration has pro-
posed to Congress a bill which would give the Department authority to enter
into contracts with WRC licensees to accept commercial spent fuel for storage
and disposal at federally operated facilities (6). The Department is develop-
ing a program for prompt implementation of the bill, once enacted.

The Department and its predecessor agencies have been involved
in the management of radioactive waste since 1944 when radioactive waste was
first generated as a byproduct of national defense programs. The principal
source of this waste has been the reprocessing of reactor fuel to recover
fissionable materials for use in the Nation's defense program. Radioactive
waste also has resulted from the production of components for weapons,
laboratory experiments, and reactor operations (7).

The objectives of the Department's operating waste management
program for safe interim storage are to ensure that (i) DOE racioactive wastes
are handled, processed, stored, and disposed of safely: and (ii) interim
storage of the waste is accomplished in a manner compatible with options under
consideration for long-term management. The interim storage program has foc-
used on providing multiple containment barriers to prevent releases of radio-
active material to the environment, surveillance and monitoring of waste
storage facilities and the surrounding environment, and maintenance and
improvement of waste handling and storage facilities (8).

In the past 35 years, the Department and its predecessor agen-
cies have accumulated thousands of man-years of experience in managing radio-
active waste at various sites around the country. During this time, active
health and safety programs have been maintained to reduce industrial and
radivlogical accidents to levels as low as reasonably achievable. Accidents



and releases of rujioactive materials have occurred, but there have been no
injuries to members of the public or serfous environmental damage as a result
of these operations.

The environmental impacts of the Department's waste management
operations at varfous sites have been analyzed extensively. Environmental
impact statements (EIS's) have been published for the Hanford, Savannah River,
and ldaho sites (9-11), An EIS for the Oak Ridge site is being prepared.
Numerous other environmental and safety analyses have been prepared for
specific facilities and operations (12). The conclusions of the completed
studies are that the Department's waste management operations present no
significant radiological hazard or other adverse {impact to employees, the
public, or the environment. The Department's waste management program also
has been assessed by independent organizations, such as the National Academy
of Sciences and the General Accounting Office. These reviews, while
identifying possible improvements, have shown that the Department's operations
have not and do not present a significant hazard (13-15).

I.C POSITION OF THE DEPARTMENT OF ENERGY

The Department of Erergy will demonstrate in this Statement of
Position and throughout this proceeding that:

1. Spent nuclear fuel from licensed facilities ulti-
mately can be disposed of safely off-site.

2. Disposal facilities will be in operation between
1997 and 2006, and the initial increment of off-
:;gg storage facilities can be in operation by

3, Spent nuclear fuel from 1icensed facilities can
be stored safely either on-site or off-site until
disposed of ultimately.

The 1ssues facing the Nuclear Regulatory Commissfon in this
rulemaking are what will be the disposition of spent fuel stored at the sites
of operating power reactors and how questions about such ¢ sposition should be
addressed in 1individual NRC licensing proceedings. In considering whether or



not indiwidual licensing proceedings shouid address the possibility that spent
fuel nig}t have to be retained at reactors beyond the expiration of their
operating licenses, it is necessary for the Commission to determine whether or
not off-site facilities for the disposal or storage of spent fuel will be
available on a timely basis. In making this determination, it is necessary
that the Commission find only that at least one method will be available for
the off-site disposition of high-level nuclear wastes. The Department in this
Statement assesses the technique by which spent fuel presently stored at util-
ity reactor sites would be disposed of directly. In presenting its assessment
of this technique, the Department is in no way suggesting a judgment of the
potential suitability or nonsuitability of other techniques for treatment and
disposal of radioactive wastes.

Because any program for off-site handling and storage of spent
fuel must result ultimately in the safe and environmentally acceptable dispos-
al of radioactive wastes, the Department in this Statement first discusses the
issue of the ultimate disposal. This discussion addresses the technical basis
upon which a determination can be made that nuclear waste from licensed
facilities can be disposed of safely. This discussion ccnsiders throughout
those issues requiring resolution prior to the successful disposal of these
wastes. Also discussed is the program plan that will lead to the actual
construction of disposal facilities. The Department doec .uc attempt to prove
that safe disposal of these radioactive wastes, with the required approval of
the appropriate regulatory authorities, can be achieved today. Rather, the
Department shows that such disposal can be achieved within reasonable times
(which are specified) upon completion of its current research and development
and site exploration programs.

Existing storage capacity for spent fuel being discharged by
nuclear power reactors now in operation is being depleted. In view of the
fact that a program to develop and begin operation of permanent disposal
facilities, that will satisfy the detailed technical and administrative review
of regulatory authorities may well require 15 years or more, it is necessary
that in the interim, some temporary off-site storage of spent nuclear fuel be
provided. The Department of Energy's proposed program would provide safe and
environmentally acceptable off-site storage pending availability of disposal
capacity, The Department has identified a need for a limited amount of off-



site storage of spent fuel beginning in the early to mid-1980's and has deter-
mined that water basin storage is appropriate for Government-sponsored off-
site storage facilities.

The Department of Energy's program for the management of high-
level radioactive wastes is the program announced by the President of the
United States in his Message to the Congress on 12 February 1980 (5). In his
statement, the President outlined details of the program. With regard to
waste disposal, he said:

. . . for disposal of high-level radioactive waste, I
am adopting an interim planning strategy focused on
the use of mined geologic repositories capable of
accepting both waste from reprocessing and unrepro-
cessed commercial spent fuel. An interim strategy is
needed since final decisions on many steps which need
to be taken should be preceded by a full environment-
al review under the National Environmental Policy
Act. In its search for suitable sites for high-level
waste repositories, the Department of Energy has
mounted an expanded and diversified program of geo-
logic investigations that recognizes the importance
of the interaction among geologic setting, repository
host rock, waste form, and other engineered barriers
on a site-specific basis. Immediate attention will
focus on research and development and on locating and
characterizing a number of potential repository sites
in a variety of different geologic envirorments with
diverse rock types. When four to five sites have
been evaluated and found potentially suitable, one or
more will be selected for development as a lice.sed,
full-scale repository.

It is important to stress the following two points:
First, because the suitability of a geologic disposal
site can be verified only through detailed and time-
consuming site-specific evaluations, actual sites and
their geologic environments must be carefully exam-
ined. Second, the development of a repository will
proceed in a careful, step-by-step manner. Experi-
ence and information gained in each phase will be
reviewed and evaluated to determine if there is
enough knowledge to proceed with the next stage of
development. We should be ready to select the site
for the first, full-scale repository by about 1985
and have it operational by the mid 1990's . . .



With regard to storage of spent fuel, the President said:

In contrast, storage of commercial spent fuel is
primarily a responsibility of the utilities. [ want
to stress that interim spent fuel storage capacity is
not an alternative to permanent disposal. However,
adequate storage is necessary until repositories are
available. I urge the utility industry to continue
to take all actions necessary to store spent fuel in
a manner that will protect the public and ensure
efficient and safe operation of power reactors.
However, a limited amount uf government storage ca-
pacity would provide flexibility to our national
waste disposal program and an alternative for those
utilities which are unable to expand their storage
capabilities.

I reiterate the need for early enactment of my pro-
posed spent nuclear fuel legislation. This proposal
would authorize the Department of Energy to: (1)
design, acquire or construct, and operate one or more
away-from-reactor storage facilities, and (2) accept
for storage, until permanent disposal facilities are
available, domestic spent fuel, and a limited amount
of foreign spent fuel in cases when such action would
further our non-proliferation policy objectives. All
costs of storage, including the cost of Tlocating,
constructing and operating permanent geologic reposi-
tories, will be recovered through fees paid by utili-
ties and other users of the services and will ulti-
mately be borne by those who benefit from the activi-
ties generating the wastes.

For the purpose of this rulemaking, finding confidence in the
nation's ability to safely store and dispose of its radioactive waste requires
finding that the Department of Energy's program will culminate in licensed
storage and disposal systems, i.e., that the Department is able (i) to under-
stand and address in its program the technical, social, political, and insti-
tutional aspects of waste management and (ii) to use the results of the pro-
gram to develop licensed systems for the storage and disposal of spent fuel in
the time frame required by national needs.

In order to demonstrate the Department's ability to understand
and address the technical aspects of either temporary storage or permanent
disposal of spent fuel, this Statement includes the following examination:



First, the various possible methods for storage or disposal of spent fuel are
assessed, and the basis for selecting a preferred method is described. Then,
each component of the preferred system is discussed individually. The factors
important to itc function are described, and each proposed or existing re-
quirement for its performance is stated. Because the Department's program is
to be judged on its present and future ability to develop components that meet
these requirements, the Statement next describes the current ability of the
program to meet such requirements. Where technical uncertainties concerning
that ability remain, the Statement describes the research and development
still to be performed and explains how the results therefore are expected to
resolve these uncertainties.

This Statement shows that almost no technical uncertainties
exist concerning safe and environmentally acceptable interim storage. Some
technical uncertainties remain, however, in the disposal program. Uncertain-
ties are accounted for by providing features in the mined geologic disposal
program that lead to a relative insensitivity to uncertainties. This is
achieved through the application of appropriate site suitability criteria to
diverse geologic environments; the provision of redundant, independent, natur-
al, and engineered features to retard the movement of radionuclides; and the
application of conservative engineering practices. Uncertainties can be eval-
uated by becunding thei~ potential impacts on system performance. Bounding
analyses that take into account site suitability and redundant features
provide current confidence in the future performance of disposal systems.

By applying a conservative step-by-step approach in the pro-
gram, experience and information gained at each step will contribute to a
reduction in uncertainties and provide a basis for proceeding to the next
step. However, even after the research and development is completed, residual
uncertainties, smaller than those which now exist, will still remain. The
Department's program and the ability to provide engineered barriers in a dis-
posal system afford sufficient flexibility to accommodate these residual un-
certainties in systems for the safe storage and permanent disposal of radio-
active waste.

’



To demonstrate the Department of Energy's ability to understand
and address the social, political, and institutional aspects of waste manage-
ment, the Department's program plans and management siructures are presented.
Also discussed is a description of both current and planned institutional
arrangements that have been or will be established to enable the Nation to
address radioactive waste management problems in a manner that promotes coop-
erative relationships between Federal and State governments. As is discussed
later in this Statement, the recent initiative of the President of the United
States in establishing a State Planning Council to strengthen intergovern-
mental relationships and help fulfill joint responsibilities to protect public
health and safety is an important contribution to the development of the
necessary institutional arrangements (16).

This Statement demonstrates that the technical and management
aspects of the Department's radioactive waste management program are well de-
veloped. Important technical and institutior 1 issues are understood and are
being addressed so that licensable systems for storage and disposal of spent
fuel will result. The comprehensive review of the Interagency Review Group on
Nuclear Waste Management completed in 1979 and the strong support given to the
program by the Administration, as reflected in the President's statement on 12
February 1980, have substantially strengthened the program.

Recognition of the vital importance of the management of radio-
active wastes in the last several years has resulted in a significant growth
in the Department's program, requiring the establishment cf a broadly based
management structure in the areas of both research and development and insti-
tutional arrangements. In some cases, the management structure to integrate
these areas has been established only recently, and it is clear that contin-
ued attention to this will be required. However, the Department submits that
the detailed attention that has been provided to this program at the highest
levels of government will continue and will enable the program to proceed as
outlined by Administration policy.

As a result of the extensive review and evaluation over the
last 2 years, the Department's technical program for waste disposal has ex-
panded greatly. The technical basis for the program has been substantially
broadened. Additional scientific disciplines have teen recognized as impor-
tant and investigators from these fields are now active in the program. The



examination of potentially suitable dispesal sites has been diversified to
encompass a variety of environments with diverse rock types. Extensive site
selection work currently is being carried out in a number of dif’erent loca-
tions around the United States and work on several new regions is to begin
shortly. The bases for decisions are now being established both internally by
the Department of Energy and externally by the responsible regulatory author-
ities, namely, the Nuclear Regulatory Commission and the Environmental Protec-
tion Agency. The development of specific criteria and standards against which
to measure the progress of the technical program and toward which responsible
technical participants in the program can focus their efforts will provide ad-
ditional impetus to the successful completion of the required technical work.
Finally, using a conservative approach will ensure that whatever technical
uncertainties might still remain will not diminish confidence in the success-
ful operation of storage and disposal facilities meeting the required stan-
dards set forth by independent regulatory authorities.

The expansion of the current waste disposal program has built
on work conducted for over 20 years. Investigation of geologic disposal as a
means to provide safe isolation of radioactive wastes has been under way since
1957 when the initial recommendation that such disposal should be considered
as a primary candidate was made by a committee of the National Academy of
Sciences. Whereas many of these prior investigations may not have been
structured strictly within the format now prescribed for the program, such
preliminary work has been essential in developing an understanding of the
parameters of importance and guiding the future direction of the program. It
is now necessary to integrate the results of the prior invastigations into the
broader program that recently has been identified by the intensive examination
of the Interagency Review Group and by the definition of program strategy by
the President. This Statement shows that the integration of the previous work
and the current strategy for the development of suitable repository sites can
be achieved readily and that, indeed, the preliminary work from the last 20
years substantially contributes to the successful implcmentation of the
current program strategy.
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In this Statement, the Department shows that implementation of
the waste disposal strateg, +il1 result in the establishment of operating
geologic repositories in the time -ange of 1997 to 2006. The exact date of
operation depends upon a number of variables, which will be determined only by
the outcome of existing programs. If the examination of potential repository
sites in a variety of geologic environments with diverse rock types indicates
that a site in bedded or dome salt is prefer for the initial repository,
the reduced construction time possible in salt and an assumption of licens-
ing schedules recently forecast by the Nuclear Regulatory Commission staff
could lead to the operation of a repository as early as 1997. On the other
hand, if further examination indicates that a repository in hard rock (such as
granite) would be preferable, construction in that medium would require more
time before the operation of a repository could begin. Furthermore, if allow-
ances are made for other uncertainties (such as the time required for licen-
sing proceedings or for collection of more extensive preliminary data than
currertly planned prior to the licensing proceedings), the sequential impo-
sition of these allowances on future forecasts could result in initial repos-
itory operation as late as 2006.

In view of these predicted dates of repository availability,
the Department also is pursuing a program to provide temporary storage in
off-site, or away-from-reactor, storage facilities. While the storage of
commercial spent fuel is primarily a responsibility of the electric utilities,
the Department's program for government off-site storage capacity will provide
flexibility in the national waste disposal program and an alterna“ive for
those utilities unable to expand their own storage capacities (5).

This Statement describes the technical basis for findings that
such off-site storage can be provided; that current program plans provide for
the availability of storage facilities beginning in 1983; and that the provi-
sion of such facilities can accommodate storage needs until repositories be-
come operational. The availability of these storage facilities will allow
sufficient time for careful and prudent development of safe disposal facil-
ities.
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In summary, the President has established a national waste
management program which is being conducted by the Department of Energy. The
Department's waste management program has been significantly expanded and has
incorporated the results of intensive review by several Federal agencies,
Congressional committees, State officials, scientific groups, and the general
public. Furthermore, the Environmental Protection Agency and the Nuclear
Regulatory Commission are both actively engaged in developing a regulatory
framework that will permit licensing of waste management facilities proposed
by the Department.

The Department of Energy submits that the waste disposal pro-
gram described in this Statement provides the basis for a finding that spent
nuclear fuel from licensed facilities will be disposed of safely within a
reasonable time. While there is no technical reason why storage at reactor
sites cannot be continued for extended periods of time, it is recognized that
shortage of storage capacity will require additional storage facilities off-
site. The technical basis for construction of such off-site storage facili-
ties for spent nuclear fuel and a capability to provide such facilities in the
mid-1980's are available now. The Department of Energy therefore submits that
spent nuclear fuel from licensed facilities can be both stored and disposed of
safely off-site.

1.0 SUMMARY OF THE DEPARTMENT OF ENERGY'S DETAILEC PRESENTATION

As previously described, the Department of Energy's presenta-
tion in this statement begins with disposal of urreprocessed spent fuel. The
discussion of disposal is presented first because the requirements for spent
fuel storage are related directly to the availability and capacity of disposal
facilities. The amount of spent fuel which can be disposed of and the sched-
ule for disposal will affect the storage requirements. After discussion of
disposal, storage is reviewed. Finally, this Statement shows how the disposal
system and the storage system will be integrated and provides examples of how
the two systems relate to each other.
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The Department's discussion of disposal is divided into two
parts: First, this presentation explores the technical objectives and re-
quirements of a disposal system and demonstrates how those can be met. This
portion of the discussion also addresses uncertainties remaining in the pro-
gram and shows the effect of uncertainties on the performance of the system.
The Department's program for the establishment of an operating geologic
repository for the emplacement of spent nuclear fuel is then described. The
same order of presentation is followed in the discussion of storage.

1.0.1 Technical Basis for Disposal

The goal of safe disposal is the effective isolation of radio-
nuclides from the environment in a safe and environmentally acceptable manner.

The Nuclear Regulatory Commission will judge the adequacy of
any high-level waste dispos2! system based upon predetermined criteria and
requirements. The ability of the Commission to reach a satisfactory conclu-
sion regarding the safety aspects of an application will be directly affected
by the manner and degree of demonstrated conformance with such criteria and
requirements. Although the Department s using conservative criteria and
methods, there is a need to ensure that the Departmert's approach will be
compatible with that required by the Commission and be amenable tu timely
Commission review. Because final NRC regulations are not yet available, the
Department has developed proposed generic performance objectives, based upon a
review of a wide variety of publications on the subject. The Department pro-
poses that these will be similar to those that can be expected to be promul-
gated by the Commission and suggests that they be used in this proceeding to
evalute the Department's program. The generic performance objectives which
the Department is proposing should be met by any disposal system are summar-
ized as follows:

1. Containment should be virtually complete during
the period dominated by fission product decay.
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2. Isolation from the accessible environment should
be effective for at least 10,000 years, and rea-
sonably foreseeable events should not produce
consequences greater than normal variation in
background radiation.

3. The operational phase of a waste disposal system
should be as safe as for other nuclear fuel-cycle
facilities.

4. Environmental impacts should be mitigated to the
extent reasonably achievable.

5. Conservative design and evaluation should be
applied to waste disposal systems to compensate
for any residual uncertainties.

6. Acceptable performance should be based on methods
reasonably available and should not depend upon
continued maintenance or surveillance for unrea-
sonable times into the future.

7. Concepts selected for implementation should be
independent of nuclear industry trends and com-
patible with national policies.

To implement these objectives for any alternative disposal
methc {, the Departnent has adopted a requirement for conservatism in design
and operation. This requirement is accomplished by (i) a step-wise approach
to continually reassess the state of knowledge and to assure that designs and
plans are supported by the best and latest data; (ii) a multibarrier approach
in which waste is isolated from the biosphere by a series of relatively inde-
pendent and diverse barriers that would not be subject to common failure; and
(1i1) use of design and operating margins to compensate for uncertainties in
design and knowledge of natural systems.

Following discussion of the basic objectives for disposal and
the conservative apprsach to achieve the overall goal, the Statement outlines
a number of disposal alternatives and explains the basis for selecting the
method of disposing of nuclear waste in mined geologic repositories. This
method has been adopted as an interim planning strategy, i.e., not final but
subject to change until the completion of environmental reviews now being con-
ducted by the Department. Prior to the completion of these environmental re-
views, no decision or commitments that would foreclose alternatives can be
made .
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Mined geologic repositories appear most likely to meet all of
the proposed objectives. It is believed that locations within the Earth's
crust whose primary change mechanisms require geologic time periods to occur
and which appear to provide negligible hydrologic transport potential are
suitable for the permanent isolation of nuclear waste.

The alternatives of subseabed disposal or disposal in very deep
holes appear more amenable to being assessed with reasonably available meth-
ods, but gquestions remain which must be addressed. They do, however, appear
sufficiently promising that continued examination to assess their potential
for later development is warranted.

The mined geologic disposal system will incorporate both natur-
ai and man-made systems which are composed of 3 major subsystems: the natural
system associated with the site, the waste package and the repository. To-
gether they will provide multiple barriers between the emplaced waste and the
human environment. The natural system, the natural geologic and hydrologic
features of the repository site, as well as the remoteness of the repository
(in terms of depth below the surface and distance from water supplies), pro-
vide barriers for isolating nuclear waste from people and their environment.
Engineered barriers incorporated in the waste package and repository system
provide containment of the waste delaying the time and retarding the rate of
release of radionuclides into the far-field environment. Prior to repository
closure, the waste package and waste form will aid in protecting both the
repository work force and the general public by containing the waste and lim-
iting the potential for its dispersal if the waste package is breached.

The natural system for waste isolation consists of the reposi-
tory host rock, surrounding geologic formations, and the associated hydrologic
environment. It is discussed in the context of a near field and a far field.
The near field provides both containment* and isolation** for the emplaced

*Containment means confining the radioactive wastes within prescribed boun-
daries, e.g., within a waste package.

**Isolation means segregating waste from the accessible environmen. (bio-
sphere) to the extent required to meet applicable radiological performance
objectives.
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waste: containment by minimizing the likelihood that circulating ground water
will contact the waste package, and isolation by ensuring that any migration
o€ »adionuclides will be very slow. The prime function of the far field is to
ensure that, if radionuclides were released from the near field, ensuing mi-
gration to the biosphere would be of sufficient duration tc satisfy the second
generic performance objective set forth previously.

The current status of natural systems investigations can be
summarized as follows:

1. The scope of technical information required for
evaluating natural systems and the role that
natural systems can play in providing barriers
for containment and isolation are known.

2. Required characterization techniques are avail-
able; many represent the state of the art.

3. The need for additional improvement in predicting
performance of fractured, and perhaps water-
bearing, rock masses has been recognized.

4, Site identification programs are being conducted
in a number of regions and host rocks, including
basalt, granite, shale, salt, and tuff; some are
well advanced.

5. Investigations to date strongly suggest that
acceptable natural systems exist that will meet
the performance objectives.

6. The diversity of media under evaluation, the
large number of potentially suitable sites con-
tained in the areas and regions being studied,
and the NWTS Program's ability to successfullly
screen for sites using criteria and the available
performance assessment techniques will result in
identifying, qualifying, and licensing repository
sites.

The discussion then turns from the natural systems of mined
geologic disposal to the man-made systems. These systems are made up of three
basic functional components: the waste package system, the repository system,
and human intrusion barriers.
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The waste package system includes everything man places in the
repository waste emplacement hole, e.g., the waste form, canister, overpack,
and backfill. These various package system components will be used to reduce
overall technical uncertainties by virtue of their conservative engineering
design and by providing barriers in addition to those provided by the host
rock and surrounding strata.

Extensive testing and development stufies have been underway
for several years on the waste package and specific components of the package,
e.g9., waste forms. While these studies are not complete, results to date
indicate that the waste packages can be designed and fabricated to meet the
previously stated objective to provide virtually complete containment of the
wastes during the period dominated by fission product decay.

The second component of the man-made systems, the repository
system, provides for the receipt, inspection, transfer to the underground
emplacement, and containment after closure of radioactive waste. The system
must also contribute to the long-term isolation of the waste by limiting
adverse impacts on the natural isolation system during developmert of the
repository, and to the extent possible, by enhancing isolation t!irougn the use
of engineered barriers. Thus, activities involving (i) the introductizn of
heat and radiation generated by the waste, (ii) the excavation of underqrc ind
disposal areas, and (iii) the introduction of penetrations (such as explora-
tion boreholes and repository shafts), will be conducted so as to minimize any
adverse impacts on the integrity of this natural i:¢-lation system. Thermal
impacts will be minimized by limiting the thermal loading and thus the temper-
atures in the repository. Migration of radionuclides will be restricted by
the use of sorptive backfill materials. Impacts of repository excavation on
structural stability will be limited by using low extraction ratios, highly-
developed and widely-applied excavation techniques and the backfilling of
rooms and tunnels.

Progress in ongoing research and development programs indicates
that satisfactory designs and materials will be available for sealing of
penetration.
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Human intrusion barriers, the third component of man-made sys-
tems, are provided so that the waste will be unaffected by future activities
of man. These barriers are intended to meet two objectives: (i) to reduce
the likelihood of human-induced releases, and (ii) to mitigate the conse-
quences if human-induced releases occur. Although work is just beginning in
this area and there is much to be learned. it ‘is reasonable to conclude that
(i) the likelihood of future human activities of a nature which could adverse-
ly affect the integrity of the repository can be reduced to an acceptablv low
probability through the use of :ppropriate protective measures, and (ii{) the
impact of any such future activities, were they to occur, could be adequately
mitigated by the multiple natural and man-made barriers included in waste

disposal systems.
The Statement then moves to a demonstration of the methods of

safety analysis in use and to be used to determine that the requirements iden-
tified will be met by the expected performance of repository components. The
discussion of safety is covered under two topics: (i) long-term perfaormance

assessment, and (ii) operational phase performance assessment.
Performance assessment methods have been developed to analyze

the disposal system after the waste has been emplaced and the repository has
been sealed. These methods analyze the combined effects of several phernomena
which might affect the disposal system: natural events and processes, human
actions, and impacts exerted by the waste and the repository. Three kinds of
future conditions can then be identified:

1. Conditions under which radionuclide releases from
the package would not occur.

2. Conditions under which radionuclide releases from
the waste package occur but radiation doses are
not received by people.

3. Conditions wunder which released radionuclides
would deliver radiation doses to peple.

Because the disposal system contains components which have
complex interactions with one another and because its performance for long
time periods must be predicted, it is necessary to use mathematical models to
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analyze the system. The discussion describes how those models are developed,
verified, and applied to gain confidence that the long-term performance of the
disposal system will be acceptable.

The development and verification of models of single phenomena
required for analyzing the long-term performance of geologic disposal systems
are well advanced, and these models can now be routinely used. Even so, the
development and particularly the verification are continuing. The development
and verification of models which analyre several phenomena together are moder-
ately advanced, and some of these mode:. can now be routinely applied. Labor-
atory, bench-scale and in situ tests < e underway or planned to assist in
verifying modeling predictions.

The use of these continuall, improving models, along with the
continually improving body of experimental data, will permit the performance
assessments to be done more completely and with increased confidence. These
assessments will be important in site selection, system design, and licensing.

The models have been used to assess the performance of disposal
systems and have demonstrated that they can analyze the important phenomena.
Because the development and verifications of models and the gathering of data
describing sites are incomplete, these assessments have used conservative data
derived from laboratory and field measurements. They have demonstrated that
the models have been developed sufficiently for use with complex systems.

These studies have also predicted the consequences of releases
of radionuclides from repositories in the far future. The vast majority of
possible disposal-system conditions would not deliver any measurable doses to
people. Some possible but unlikely phenomena, such as ground water flow di-
rectly through repositories, could deliver radiation doses that would be a
fraction of the doses delivered by natural background radiation. The analyses
performed to date give no indication that a geologic disposal system, designed
and constructed according to the requirements described in this Statement,
cannot isolate radioactive waste safely.

Assessing the performance of the repository during the opera-
tional phase docs not require the special methods of long-term performance
assessment because the operations are at least similar to those in other com-
mon systems. For example, excavation of storage rooms and packaging and han-
dling of waste containers are not too different from operations currently
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being performed. Adequate mathods required for safety analyses are currently
availabl:. Satisfactory cesign, construction and operation can be achieved
with repository performance. The operational phase activities can be shown to
be comparible in safety to those of existing licensed nuclear fuel cycle
facilities,

Since the mid-1950's many geologic and environmental studies
have been conducted to provide the’technical and scientific basis for the
design, construction, and operation of deep, underground repositories for
radioactive wastes. A broad spectrum of agencies and organizations has spon-
sored this research. Results indicate that a mined geological repository can
be build and operated safely with minimal effects or. people and their environ-
ment.

In this statement, the Department describes a program which has:

1. Proposed specific proposed performance objec-
tives.

2. Adopted a conservative approach to ensure the
objectives will be met.

3. Selected mined geologic disposal as an interim
planning strategy.

4, Ildentified characteristics and requirements
necessary for mined geologic disposal.

5. Developed specific criteria for site qualifica-
tion, established conceptual designs and identi-
fied elements warranting more research.

6. Completed performance assessments indicating that
carefully designed repositories in properly
selected sites will meet the proposed performance
objectives.

The Department, therefore, submits that a mined geologic
dispos 1 system can meet the goal of providing the effective isolation of
radion. lidec “.om the environment because:

1. Containment will be virtually complete during
the period dominated by fission product decay.

2. Isolation will be effective for at least 10,000
years.
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3. The operational phase of the waste disposal sys-
tem will be as acceptably safe as the operation
of other nuclear fuel cycle facilities.

4, There are no unreasonable environmental impacts.

5. Conservative design and evaluation will compen-
sate for residual uncertainties.

6. Acceptable performance is based on a reasonably
available level of technology and is not depen-
dent upon continued maintenance or surveilance
for unreasonable times into the future.

7. Implementation is independent of the size of the
nuclear industry and of the resolution of fuel-
cycle or reactor design issues and is compatible
with national policies.

1.0.2 Program for Establishing Mined Geologic Repositories

The program for establishing an operating geologic repository
is presented next. This presentation begins with a discussion of the Depart-
ment's management organization and the major decisions required to implement
the geological disposal option.

The Department's program is focused on developing repositories
that will be available in an appropriate time frame and at a reasonable cost.
To accomplish this goal, the Department has put into place a management or-
ganization to address and resolve the technological, societal, economic, regu-
latory, and institutional factors which could have impacts on the timing and
cost of the National Waste Terminal Storage (NWTS) Program. The Department
has established an organization consisting of headquarters and field office
personnel supported by over 2,000 professional employees of contractors to
implement the NWTS Program. This arrangement brings experience from a broad
spectrum of professionals ranging from geoscientists and mechanical engineers
to sociologists and political scientists.

The schedule for implementation of the geologic disposal option
depends on the following major decisions:

1. Site selection with State consultation and con-
currence.
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2. Licensing for construction of the repository.

These decisions are the focus of technical activities which must be conducted
in cooperation with those agencies, organizations, and individuals outside of
the Department which are part of the decisionmaking process.

As directed in the President's statement of 12 February 1980,
the Department intends to identify candidate sites at several locations and in
different geologic media before recommending a specific site for the first
license application. The selection of candidate sites will be based on a Sys-
tematic process which considers all applicable factors and is conducted with
involvement of State and local officials and the public. The Department's
program leading to selection of a site consists of three phases:

1. Site exploration and characterization.
2. Detailed site characterization.
3. Site selection.

Regional and area characterizations are now under way for vari-
ous geologic media, including dome salt and bedded salt, basalt flows and
volcanic tuff. Efforts have been initiated to identify regions containing
other media and other geohydrologic systems. The Department plans to identify
at least four sites with diverse rock types by mid-1985. The DOE approach
includes consideration of regulatory factors, environmental factors, the ne-
cessity of achieving public acceptance, and the need to meet site qualifica-
tion criteria.

The involvement of the States in the radioactive waste manage-
ment program was addressed by the President in his 12 February 1980 statement,
in which he announced the establishment of a State Planning Council to advise
the Executive Branch and work with Congress on repository planning and siting,
construction, and operation of facilities (16). Further, the President pro-
vided for the relaticnship with the States to be based on the principie of
consultation and concurrence. In compliance with the President's statement,
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the Department's program seeks to take into account State and local needs and
concerns. A process is being developed that provides for cooperative Federal,
State, and local government decisionmaking concerning identification of can-
didate sites and selection of sites for license application.

The second major decision which can affect the repository
schedule is licensing. The Commission has the statutory authority to license
facilities used primarily for the receipt and storage of high-level radioac-
tive wastes resulting from activities licensed under the Atomic Energy Act of
1954. Accordingly, the availability of regulatory procedures and requirements
can have an impact on schedule of a disposal system. Before a license appli-
cation is submitted, the Department expects to consult with the Commission
staff in regard to field exploration activities so that the integrity of a
potential site is not adversely af cted.

The existing knowledge of licensing requirements as obtained
from draft and proposed rules and communication with regulatory agencies has
allowed a forecast of the effects licensing activities will have on the sched-
ule. Based on the existing information, estimates can be made of the amount
of time which wil! be required for licensing. The attainment of program mile-
stones will depend on the exact form of the procedural rules promulgated by
the Commission and on the manner in which the Commission will process future
license applications.

In addition to the major decisions discussed above, several
significant factors also can influence the timing and schedule of a repository:

Implementation of National Environmental Policy Act.
Cooperation of multiple Federal agencies.

Land acquisition activities.

Availability of expert staff.

Logistics and administration.

Design and construction time.

Initial operation period and backfill.

Technology development.

00 N O O &6 W N -
e O O’ EESRE ) LalSi n Bl SORENE SRR

[ -23



The National Environmental Policy Act of 1969 (NEPA), as imple-
mented by the regulations of the Council of Environmental Quality (CEQ) and
thc DOE guidelines, requires that potential environmental consequences be
considered in Department planning and decisionmaking. Using DOE gquidelines
and the CEQ regulations, the Department has developed a draft NEPA implementa-
tion plan for the mined geologic disposal interim strategy which is integrated
with the overall Department planning and decisionmaking framework. The envi-
ronmental impacts of all reasonable alternatives will be considered at each
stage of the decisionmaking process.

The Presidential statement of 12 February 1980 emphasizes the
commitment to provide for safe disposal of radioactive wastes with support
from all agencies within the Administration. In its role as lead agency for
the management and disposal of radioactive wastes, the Department is prepar-
ing, with cooperation of other cognizant Federal agencies, a detailed National
Plan for Nuclear Waste Management to implement the Presidential policy guide-
lines and IRG recommendations. The program content now includes many activi-
ties specifically recommended by the Interagency Review Group so that other
agencies will support the Department activities where required. The ability
to draw on the resources of such organizations and to obtain meaningful
comments and direction will greatly enhance the ability of the Department to
meet major milestones.

Where the Department does not already own or control a proposed
repository site, the acquisition of the real property for the repository must
be considered in the schedule. Non-Federal land can be acquired by the De-
partment for a repository site by purchase or condemnation following proce-
dures already established. Federal property controlled by other agencies may
be acquired by transfer to the Department following procedures established by
the General Services Administration or by the Department of the Interior.

Skilled technical personnel will be requirec in the site explo-
ration and chaiacterization phase of the program, in the development of neces-
sary technology, and in the design and cecnstruction phase of the repository.
The design and construction expertise required to build a geologic repository
is currently available in the United States. Operating expertise will be
available by the time the repository is reaay for waste emplacement. The
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schedule for implementing the repository option should not be affected by the
need for lead time to develop any needed expertise.

Evaluation of 1logistic and administrative factors shows that
with proper planning, schedule slippage can be minimized. Many factors, such
as procurement delays and strikes and labor disputes, can influence the con-
struction schedule. Prudent planning takes these factors into account to
minimize such delays. Normal design and construction scheduling practices
will ensure that the repository will be developed in the projected time frame.

Although not strictly associated with the schedule to bring a
repository into operation, the waste retrieval period and start of backfill
both have an impact upon the time when a repository can become fully opera-
tional. During the initial repository operation period, the Department will
verify the predictive capability of methods used to apply early geologic test
data to the specific site and design configuration and will verify that no
unforeseen phenomenon associated with actual waste emplacement is observed.
Ample latitude 1is provided for methodical, step-wise development including
testing and evaluation. A high level of confidence concerning the integrity
of the operation will be attained before backfilling will commence. Should
retricval of waste be necessary following the initiation of backfilling, waste
management plans include rerouting the wastes to other facilities.

The Department is precceeding with a systematic program to
develop the needed technology on a timely basis. A detailed discussion of the
base technology program is presented in the Statement.

On the basis of estimates described in more detail in the pre-
sentation, the Department projects that the range of startup dates for the
first repository is 1997-2006.

[.D.3 Technical Basis for Storage

The Department's Statement next discusses the technical basis
for the conclusion that spent fuel can be stored in a safe and environmentally
acceptable manner until disposal facilities are available. The Statement (i)
describes the alternative methods and technology for stcrage of spent fuel,
(ii) reviews the performance requirements of storage facilities and how these
requirements are met, and (iii) discusses the background of experience which



leads to the selection of water pool storage as the preferred method. The
abundant evidence shows that the adequacy ard safety of extended storage of
spent fuel in a water pool environment can be demonstrated today. The fol-
lowing points summarize the basis of this conclusion:

1. The technology of water pool storage of spent
fuel is not only available but is well estab-
lished through more than 30 years of work at
government and industrial facilities. Dry stor-
age of spent fuel by several different techniques
has been the subject of a significant level of
research, development, and demonstration, and
promises to be a technically viable alternative
to water pool storage. Thus, there are a number
of technically suitable alternative methods of
s?ent fuel storage in existence at the present
time.

2. The regulatory framework, industry standards, and
design requirements for the water pool storage of
spent fuel currently exist.

3. The licensing of water pool storage of spent fuel
has been routinely practiced by the Commission
and its predecessor agency for nearly 20 years
and is being practiced at the present time.

4. Zircaloy-clad spent fuel has been stored under
water for periods of up to 20 years, and stain-
less steel-clad fuel has been so stored for peri-
nds up to 12 years, with no evidence of degrada-
tion as a result of such storage. Studies of the
corrosion aspects of water pool storage indicate
that there are no obvious degradation mechanisms
which operate on the cladding at rates which
would be expected to cause failure in the time
frame of 50 years or longer. Mcreover, in the
unlikely event that severe deterioration of the
cladding were to develop, the spent fuel could be
encapsulated to provide the necessary integrity
for indefinite storage.

Because much of the experience in handling and storage of spent
fuel has been gained at reactor sites and much of the technical data present-
ed and discussed in this Statement was acquired in studies at reactor storage
pcols, there is no reason to doubt the technical adequacy of existing and
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planned reactor storage pools.

reactor operating license.

erations:

Continued water basin storage at reactor sites
involves the same kinds of considerations as
those set forth above with respect to:

a. Performance of fuel under extended storase
conditions.

b. The benign character of the storage activity
relative to radioactivity releases, radiation
exposures to plant workers and the public,
accident evaluations, and other safety
aspects.

c. Waste generation during the course of strirage.
d. Facility requirements.

Facilities in existence and those under construc-
tion at reactor sites are designed and construct-
ed to more rigorous standards than would be re-
quired under proposed 10 CFR 72.

The environmental impact of continued storage of
spent fuel at reactor sites has been evaluated by
the Nuclear Regulatory Commission and found to be
acceptable. No time-dependent factors adversely
affecting long-term safety of such storage have
been identified.

Although there is some interdependence between
the spent fuel pool and reactor operation at
reactor sites, this interdependence is limited to
the supply of wutilities and waste management
services. The fuel storage operation depends on
the reactor plant utility system for steam, cool-
ing water, deionized water, and handling of low-
level wastes, as well as for certain personnel
services such as health physics, and safety. All
of these could be continued relatively easily
following shutdown of the reactor.
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such storage should be required for a period beyond the expiration of the
This conclusion is based on the following consid-



5. There 1is no technical reason why spent fuel
cannot be stored at the reactor site after reac-
tor operatior ceases.

6. Such continued storage would remain under NRC
licensing authority.

These factors regarding the confidence in water pool storage
generally are applicable to away-from-reactor (AFR) storage systems. There-
fore, the Department submits there is sufficient technical information
provided in this Statement to support a finding that AFR spent fuel storage
facilities can be built and operated in a manner which is both safe and envir-
onmentally acceptable, and which otherwise meets the performance requirements
established by the Commission's regulations. The information presented by the
Department demonstrates that large AFR spent fuel storage facilities can be
constructed and operated to meet necessary safety requirements with a minimum
impact on the environment and in compliance with applicable regulations.
These conclusions are supported by the generic environmental impact statement
on spent fuel storage prepared by the Nuclear Regulatory Commission and the
draft environmental impact statement on spent fuel policy prepared by the
Department.

[.D.4 Program for Providing Away-from-Reactor Storage Facilities

The Statement next considers the need for AFR storage capacity
for spent fuel and the management plan which has been established and is being
implemented by the Department to ensure that the AFR storage capability is
available when needed.

The Department estimates that AFR spent fuel storage facilities
can be made available commencing as early as 3 years after Congressional au-
thorization and that the necessary AFR storage capacity can be maintained
until geologic repositories are available for disposal of spent fuel. The
Statement demonstrates the following to support this conclusion:
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1. The near-term (through 1990) needs for AFR stor-
age capacity can be satisfied by acquisition and
expansion of the storage capacity of existing
faci " ..... The longer term needs for stora
can be satisified by building additional AFR
storage facilities to supplement existing and
expanded facilities. Needed capacities could be
made available in existing storage facilities
within approximately 3 years after Congressional
authorization and could be made available in new
AFR storage facilities within 95 months after
such authorization.

2. The Department has established a management or-
ganization for the development and operation of
AFR storage facilities.

3. There is sufficient information available on
which to base selection of new sites for AFR
storage, and the Department has embarked on a
program designed to seek State involvement in the
selection of proposed sites.

4, Finalization of new regulations pertaining to AFR
storage of spent fuel is under way, and technical
ability to meet such licensing requirements ex-
ists.

5. Legislation has been submitted to Congress for
authorization to acquire the necessary AFR spent
fuel storage capability.

6. Analysis of the requirements for AFR storage
capacity in the near term, and of the steps which
must be taken to comply with National Environmen-
tal Policy Act and other licensing requirements,
indicates that the necessary capacity can be pro-
vided on a timely basis.

1.D.5 Integrated Ope~ation of the Storage and Disposal Systems

The Department's presentation finally considers the integration
of the mined geologic repository program and the AFR storage program to demon-
strate that an overall waste management program exists which is capable of
handling, storing, and disposing of the spent fuel. While studies to optimize
the integrated system have not been completed, an example spent fuel manage-
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ment scenario is analyzed. Variables considered include the capacity, rece‘v-
ing capability, and date of availability of geologic disposal facilities, AFR
storage availability and required capacity, and the transportation logistics
for moving spent fuel. It is shown that the combined system of repositories
and AFR's will provide great flexibility to meet the need to balance technical
conservativism, regional needs, and reactor operation requirements. There are
sufficient commercial organizations to provide the required shipping casks and
services for the transport of spent fuel to AFR storage facilities and to
repositories as needed.

The overall costs of the waste management activities are out-
lined, The Department submits that the impact of the cost of waste manage-
ment program on the cost of electricity to the consumer will be small.

1.0.6 Conclusions

Based upon the information contained in this Statement, the
Department in its conclusion submits that the Commission must find that:

1. Spent nuclear fuel from licensed facilities can
be disposed of in a safe and environmentally
acceptable manner;

2. The Federal Government's plans for establishing
geologic repositories are an effective and rea-
sonable means for developing a safe and environ-
mentally acceptable disposal system;

3. Spent nuclear fuel from licensed facilities can
be stored in a safe and environmentally accept-
able manner on-site or off-site until disposal
facilities are available;

4. Sufficient additional storage capacity for spent
nuclear fuel from licensed facilities will be
established; and

5. The disposal and interim storage systems for

spent nuclear fuel from licensed facilities will
be integrated into an acceptable operating system.
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As noted in the Notice of Proposed Rulemaking (1), the
Commission has indicated that it will use its findings in this proceeding to
determine to what extent issues of on-site storage of spent nuclear fuel need
be considered in individual facility licensing proceedings. Having made these
five findings, the Commission should promulgate a rule providing that the
safety and environmental implications of spent nuclear fuel remaining on site

after the anticipated expiration of the facility licenses involved need not be
considered in individual facility licensing proceedings.
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I1 TECHNICAL BASIS FOR CONFIDENCE THAT SPENT FUEL CAN BE DISPOSED
OF IN A SAFE AND ENVIRONMENTALLY ACCEPTABLE MANNER

In his statement of 12 February 1980 (1), the President said:

Our primary objective is to isolate existing and
future radioactive waste from military and civilian
activities from the biosphere and pose no significant
threat to public health and safety. The responsi-
bility for resolving military and civilian waste
management problems shall not be deferred to future
generations. The technical programs must meet all
relevant radiological protection criteria as well as
all other applicable regulatory requirements. This
effort must proceed regardless of future developments
within the nuclear industry--its future size, and
resolution of specific fuel cycle and reactor design
1s5ues.

The Department of Energy's National Waste Terminal Storage
(NWTS)* Program is designed to meet the objectives set forth by the President
and the Interagency Review Group (IRG) (2, 3) and to develop licensable**
high-level waste (HLW) disposal systems during this century. The technice)
aspects of the NWTS Program are discussed in detail in this part and are
demonstrated to be in conformance with the President's program and the IRG
recommendations.

For the purpose of this rulemaking, finding confidence in the
nation's ability to safely dispose of its radioactive wastes requires finding
that the NWTS Program will culminate in licensed waste disposal systems, i.e.,
that the Department is able (i) to understand and address the technical, so-
cial, political, and institutional aspects of waste management; and (ii) to
use the results from its program to develop licensed systems for the disposal
of spent fuel in a time frame which is responsive to national needs.

*NWTS is the designation of the Department's program for the disposal of
high-level nuclear waste.

**In this context, licensable means consistent with regulatory requirements

set forth by the Nuclear Regulatory Commission and the Environmental Protec-
tion Agency.
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This Statement shows that the NWTS Program is designed to
understand and address the technical, social, political, and institutional
concerns impc~tant to waste management. In accordance with the President's 12
February 1980 statement, specific HLW disposal facilities will not be proposed
by the Department for licensing for several years. Neither the Nuclear Regu-
latory Commission nor the Environmental Protection igency has officially adop-
ted specific regulations for waste disposal systems. In the interim, to
ensure that the NWTS Program focus will result in licensable systems, the
Department maintains continued awareness of regulatory trends by exchanging
information in meetings with the NRC and EPA staffs and by reviewing and pro-
viding comments on proposed regulations prepared by those agencies. The
Department has developed proposed HLW disposal system performance objectives
to help focus the NWTS Program until specific regulatory requirements are
available. These objectives provide an appropriate means of measuring the
technical sufficiency of the NWTS Program in the context of this rulemaking.

Part II of this Statement demonstrates the technical suffi-
ciency of the NWTS Program. It begins with a discussion of proposed perfor-
mance objectives developed by the Department for the NWTS Program. These
objectives provide program focus and direction pending the development of
regulatory requirements. The analysis of disposal technology opens with a
description of and rationale for the Department's commitment to a conservative
approach to system development and operation. The elements of that conserva-
tive approach include a step-wise approach, a multibarrier system, and a pro-
vision for design and operating margins.

The remainder of Part II analyzes the NWTS disposal technelogy
in the context of t.ose objectives. Chapter I11.8 present. alternative dispo-
sal methods and analyzes the potential of each for meeting the NWTS objec-
tives. Chapter II.B also presents the rationale for the selection of mined
geologic disposal as an interim planning strategy.

Chapter II.C describes the basic features of a mined geologic
disposal system to provide the reader a basic understanding of how such a
disposal system will work. Chapters II1.D, II.E, and II.F then present detail-
ed technical discussions of a mined geologic disposal system.
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The technical analyses presented in II.D through II.F demon-
strate how mined geologic disposal, through both natural and mar-made systems,
is expected to achieve the objectives set forth for the progran. Chapter I11.D
explains how the natural surroundings of a repository are eipected to help
meet the stated objectives and describes the potential impacis the natural
surroundings will have on the repository. The man-made systems, \thich include
engineered barriers, and their functions in a mined geologic dispcsal system,
are described in II.E. The natural and man-made systems are expected to per-
form in concert to meet requirements set forth for the disposal system.

Since HLW disposal systems will be required to function far
into the future without active assistance from man, the ability to assess and
predict Tcag-term system performance is a key factor in determining licensa-
bility. Chapter II.F details the methods, including mathematical modeling,
used to perform such assessments. This discussion includes not only those
methods presently available, but also assessment and prediction methods under
development or undergoing refinement. Chapter I1.G summarizes the information
presented throughout Part II.

I1.A PROPOSED HIGH-LEVEL WASTE DISPOSAL SYSTEM OBJECTIVES

Section II.A.1 discusses the objectives proposed by the Depart-
ment to focus the development of its waste management systems. These objec-
tives are drawn from diverse sources. Within the context of this rulemaking,
these objectives are proposed as a basis for assessing the technical adequacy
of the NWTS Program and of the systems that will result from its implementa-
tion, recognizing that, ultimately, such systems will be subject to NRC and
EPA regulations and NRC approval. Section I11.A.2 discusses the approach to
conservative system development and operation used in the NWTS Program. The
objectives and conservative approach described in this chapter allow suffi-
cient flexibility within .ne research and development program to permit com-
pliance with NRC and EPA regulations when they are adopted.
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I1.A.1 General Performance Objectives For the Safe And Environmentally
cceptable Disposal o igh-Level Radioactive Waste

IT.A.1.1 Background

Regulations promulgated by the Nuclear Regulatory Commission
and the Environmental Protection Agency will provide guidance to the NWTS
Program as the development of HLW disposal systems progresses and system
details increase. The Commission has described its role and that of the Envi-
ronmental Protection Agency as follows (4):

NRC has licensing responsibility with respect to
certain high-level waste repositories to assure pro-
tection of the public health and safety, taking into
consideration also all impacts on the environment.

EPA has the responsibility to establish generally
applicable environmental radiation protection stan-
dards for areas outside the boundaries of nuclear
facilities. NRC must devise its regulations in a
manner that will meet requirements set by EPA.

TYhe Commission and the EPA have published in the Federal Regis-
ter procedural requirements and general criteria, respectively, for HLW dispo-
sal. The EPA has received comprehensive comments on its criteria, both
through an interagency working group and from the public (5). The EPA staff
has indicated informally in discussions with the NWTS Program staff that a
general standard for HLW disposal will be issued for public comment during the
Spring of 1930. The Commission in 1979 published the procedural portion of a
proposed regulation for HLW disposal which addresses the proposed NRC approach
to the regulation of HLW disposal facilities (6).

Although specific technical criteria from NRC and EPA would be
useful at this time in directing the NWTS Program, they will not be critical
to the conduct of the program until detailed waste disposal system designs are
being developed. Frequent interactions among the Department and the NRC and
EPA staffs provide a means for the NWTS Program to be responsive to potential
regulatory concerns. Similarly, technical data from the NWTS Program will be
of value to the Commission and the EPA in developing their technical regula-

IT -4



tions. Information from proposed EPA and NRC regulations is being utilized in

planning the NWTS Program and consideration has been given to such information

in the development of the NWTS performance objectives which follow (II.A.1.3).
The Commission staff recognized the need for NWTS objectives(4):

DOE must determine the considerations it considers
important to investigating and selecting repository
sites. We will call these site selection criteria.

Recent emphasis on the man-made components of waste disposal
systems and the diversity of disposal concepts which require consideration by
the Department (see II.B) warrants more broadly based objectives than those
related specifically to siting. Accordingly, the NWTS performance objectives
are broad and generically applicable to a spectrum of alternative disposal
methods.

The NWTS objectives are structured to allow adequate flexi-
bility to meet specific regulatory requirements at the licensing stage. In
structuring its objectives, the Department has placed emphasis on Presidential
and IRG objectives and has used information generated by numerous studies,
public meetings, task forces, working groups, and other appropriate forums, as
well as information derived from draft and proposed regulations. The NWTS
objectives are not intended to negate the need for NRC and EPA regulations but
merely to provide interim guidance until comprehensive final regulations can
be issued.

I1.A.1.2 Information Relative to High-Level Waste Disposal Objectives

In light of the President's recent statement, the IRG findings
and recommendations, and the large amount of information presented in techni-
cal meetings, regulatory workshops, and other related forums, a number of
points have been made relative to HLW management. Pertinent points considered
by the Department in structuring its objectives are as follows:
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1. Waste should be isolated* so as to pose no signi-
{{cgnt7)threat to the public health and safety

2. Although zero release of radioactivity cannot be
assured, potential releases should meet relevant
radiological protection criteria and be reduced
to the lowest practicable levels (1-3).

3. Radiological consequences should be maintained
within the level of variations in natural back-
ground radiation associated with geographic loca-
tion and domestic activities (8, 9).

4. Containment** and isolation are most important
during the first few hundred years when the decay
of short and intermediate-lived wastes 1is most
;agid and radiation and heat levels are highest

8).

5. The performance of waste disposal systems may be
compared to the natural effects of uranium ore
bodies (7, 10, 11).

6. Thﬁ environment must be protected (2, 5-8, 12,
13).

7. A careful step-by-step approach should be used
for the first HLW disposal system (1, 2, 3).

8. Residual uncertainties*** must be provided for in
the program (3).

9. Waste disposal systems should not be dependent on
the long-term stability of social or government
institutions (3).

10. The program must be flexible relative to poten-
tial changes in the nuclear industry (1, 3).

11. The burden of waste disposal should not be
deferred to future generations (1).

*[solation means segregating wastes from the accessible environment (bio-
sphere) to the extent required to meet applicable radiological performance
objectives.

**Containment means confining the radioactive wastes within prescribed bound-
aries, e.g., within a waste package.

***Residual uncertainties are those inherent uncertainties in data, modeling,
and assumed future conditions which cannot be eliminated.
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These 11 pertinent points represent a broad spectrum of view-
points, including the Natural Resources Defense Council and the National
Academy of Sciences. The diversity of viewpoints is evident, for examnle, in
the case of the Interagency Review Group (2, 3) which was composed of repre-
sentatives of 14 Federal agencies (2). The Nuciear Regulatory Commission was
an active (14) but a nonvoting member whose participation by prior agreement
did not constitute any endorsement of the IRG findings and rocommendations
(15). The Interagency Review Group actively solicited the views of the Con-
gress, public interest groups, and the general public through writt>n review,
small group meetings, and public meetings (16). A draft report was i;sued on
9 October 1978 (17). Fifteen thousand copies of the report were disiributed,
and over 3,300 written comments were received and considered (2, 18) in pre-
paring the IRG recommendations to the President. The wide distribution and
extensive review and comment and the IRG finding that a consensus nad emerged
on a number of planning objectives (19) increase the value of the IRG recom-
mendations in considering the issue of HLW disposal system objectives.

The 11 points listed above were considered along with pertinent
information from the Tliterature in developing the NWTS Program objectives
described in II.A.1.3 below.

I1.A.1.3 National Waste Terminal Storage Program Performance Objectives

Objective 1. Waste containment within the immediate vicinity of
initial placement should be virtually compTete during
the period when radiation and thermal output are
dominated by fission product decay. Any loss of
containment should be a gradual process which results
in _very small fractional waste inventory release
rates extending over very long release times, i.e.,
catastrophic losses of containment should not occur.

Basis for Objective 1

Waste containment in any given system should provide maximum
separation of waste and accessible environment. Although containment may not
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be guaranteed throughout the entire period of waste toxicity, ensuring con-
tainment throughout the period when fission product decay is dominant adds
redundancy to isolation measures and adds a further measure of assurance that
unacceptable releases to the accessible environment will not occur.

As indicated in Table 1I.A-1, the thermal output and radioac-

tivity contert of a representative spent fuel assembly decrease rapidly during
the first few hundred years while fission products decay and relatively slowly
thereafter when the decay of long-lived radionuclides predominates.

Table II-1. Thermal Levels and Radioactivity Content for a

Spent-Fuel Assembly From a Pressurized Water Reactor
(33,000 MWd/MT burnup)

Years out Thermal Qutput, Radioactivity Contentb
of Reactor (kW) (curies)
1 4.82 2.5 x 100
10 0.55 4.0 x 10°
50 0.25 1.0 x 10°
100 0.13 5.0 x 10
500 0.045 2.5 x 103
1,000 0.026 1.7 x 103
10,000 0.006 4.5 x 102

aSource:

bSource:

(Reference 20) R.A. Kisrer, u.R. Marshall, D.W. Turner, J.E.

Vath, Nuclear Waste Projections ard Source Term Data for 1977,
pp. 41277, Y/OWI/THM-3%, 6aE Ridge National Laboratory, Oak Ridge,
TN, April 1978 .

(R"tr.ence 21) S.N. Storch and B.E. Prince, Assumptions and
Gro.~d Rules Used in Nuclear Waste Projections and Source Term
Data, ONWI-24, Oak Ridge National Laboratory, Oak Ridge, TN,
September 1979
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The rapid decrease in thermal and radiation levels for spent
fuel is primarily due to the decay of large amounts of *wo fission products
contained therein, Cs-137 and Sr-90, both of which have half-lives of approxi-
mately 20 years. These facts have led to a number of recommendations (5, 8,
22) that control mechanisms be at their maximum effectiveness during the period
dominated by fission product decay. Objective 1 requires waste containment
throughout that period.

The second condition stipulated in Objective 1 is intended to
increase the effective mean time for containment* by requiring containment
systems to be resistant to catastrophic failures, i.e., any losses of contain-
ment would result in low release rates over long periods of time.

Oujective 2. Disposal systems should provide reasonable assurance
Eﬁag wastes will be isolated from the accessible
environment for a period of at Jleast 10,000 years
with no prediction o% significant decreases in isola-
tion b d that ti

on _beyon me.

In the context of this objective:

(a) Reasonable assurance means that the preponder-
ance of available technical evidence as inter-
preted by objective experts in the field sup-
ports the conciusions drawn.

(b) Wastes will be considered to be isolated if
long-te'm radiological consequences to the pub-
Tic due to the effects of any reasonably fores-
eeable events or processes are predicted to be
within the range of variations experienced with
background radiation. Releases with conse-
quences of a few millirem to a few tens of mil-
lirem per year will be ronsidered acceptable
provided that the ALARA** standard for man-made
systems is met.

*Average residence time of waste materials within the containment structure.

**ALARA is an acronym for "as low as is reasonably achievable," which is
defined by the Nuclear Regulatory Commission (10 CFR 50.34a(a)) to mean "as
Tow as is reasoncbly achievable taking into account th- state of technology,
and the economic: of improvements in relation to benefits to the public
health and safety and other societal and socioeconomic considerations . . .."
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Basis for Objective 2

As noted in the President's message to Congress on 12 February
1980 (1):

Cur primary objective is to isolate existing and
future radioactive waste from military and civilian
activities from the biosphere and pose no significant
threat to public health and safety.

The "Fact Sheet on the President's Program on Radioactive Waste
Management" (1) issued by the White House Press Secretary at the time of the
President's statement said:

The technical programs must meet all relevant radio-
logical protection criteria as well as all other
applicable regulatory requirements. Although zero
release of radionuclides or zeroc risk from any such
release cannot be assured, such risks should fall
within pre-established standards and, beyond that, be
reduced to the lowest level practicable.

The very long times over which HLW disposal systems must pro-
tect the public health and safety give rise to a number of questions regard-
ing: (1) acceptable levels of risk for disposal systems (as noted above, zero
risk cannot be assured), (ii) appropriate time frames throughout which high
confidence in system operation must be assured, and (iii) the nature of the
assurance to be given.

Objective 2 recognizes that predictions of HLW disposal system
performance exceed the lenjth of time measured by recorded history, transcend
eras of long-term climatic changes on Earth, and, although short with regard
to geologic dating, exceed experience with man-made systems of any type.

The period of time over which waste disposal systems must con-
tinue to isolate effectively radioactive wastes has been discussed in a number
of forums (8, 12, 22). Some estimates of the required periods of isolation
have ranged up to several million years. Such estimates are based largely on
a "rule-of-thumb" which would require 10 half-lives for all isotopes to decay
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to negligible levels. Radioisotopes such as I-129 with a half-life of 1.6 x
106 years are frequently cited with no consideration given to the small
concentrations and low radiotoxicities of these materials, or extraordinary
assumptions regarding human life over the millions of years that are invol-
ved. Others (7, 10, 11, 23, 24) have suggested that controls should be exer-
cised until the waste toxicity is below the toxicity of naturally occurring
chemical species in the Earth's crust. A subset of the latter concept would
compare waste with naturally occurring radioactive ore bodies using the radio-
toxicity of each as a common denominator.

In selecting a time-frame over which reasonable assurance
should be given, the tradeoff factors are:

1. The duration and the significance of potential
radiological hazards as a function of time.

2. The validity of pr-.dictions as a function of time.

With regard to Item ., as indicate. by Figure II-1, the radio-
toxicity of spent fuel decreases approximately four orders of magnitude (i.e.,
by a factor of 10,000) during the first 10,000 years and less than two orders
of magnitude (i.e., by a factor of less than 100) during the next 1,000,000
years. Also, during the first 10,000 years, the radiological risk due to
spent fuel could be reduced below the levels of radiological risk associated
with naturally occurring ore bodies, i.e., the risk from the spent fuel pro-
perly disposed of would not exceed risks encountered from the uranium ore from
which the spent fuel originated.

With regard to Item 2, the magnitude of uncertainties associa-
ted with long-term predictions increases with time due to the potential ef-
fects of long-term climatic changes and the uncertain technological evolutions
of mankind in the future., Long-term ciimatic and anthropogenic factors make
predictions of citremely long-term risks (tens of thousands of years) somewhat
speculative (22). Tnerefore, 10,000 years is reasonable for the period which
should receive prime emphasis (with the stipulation that, beyond that time,
there should be no strong prediction of unacceptaiule forthcoming degradations
in the isolation capability of the disposal system).
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Part (a) of Objective 2 provides a working definition of “rea-
sonable assurance" which requires a preponderance of technical evidence and
objective expert opinions to support conclusions -elative to meeting that
objective. This definition of reasonable assurance recognizes the existence
of residual uncertainties that are inherent in decision processes in any
field. The opinion of objective experts is co~sidered to include peer reviews
by experts not directly involved in the NWTS ram in addition to required
regulatory reviews.

With regard to part (b) of Objective 2, the quantification of
radiological performance objectives for long-term disposal has been under NRC
and EPA consideration for a number of years. The Environmental Protection
Agency will issue numerical standards governing long-term releases,* and the
Nuclear Regulatory Commission will implement those standards** during licen-
sing.

With regard to establishing a standard by which to measure the
significance of releases, natural background radiation has been a common point
of reference in nearly all radiological evaluations. For example, the Commis-
sion, in its environmental impact statements for reactor licensing, commonly
compares doses from postulated routine releases to doses experienced by the
same population due to natural background radiation. The relationship between
natural background radiation and health effects has been the subject of exten-
sive study. In one study (26), the Commission staff concluded that the infor-
mation reviewed through the time of that study:

+ + .« Supports the 1972 BEIR*** estimates that what-
ever health effects may be caused by natural back-
ground radiation, if they exist, they must represent
a small part of the total health effects being obser-
ved in the real world.

*40 CFR 191 (not yet proposed).
**10 CFR 60 (technical portion not yet proposed).

***Advisory Committee on the Biological Effects of Ionizing Radiation (BEIR)
of the National Academy of Sciences (NAS-BEIR) Report, 1972.
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Although some may protest receiving routine radiation exposures
of a few millirems per year from fuel cycle facilities, radiation exposures on
that order from other sources are routinely accepted without question. For
example, there is no apparent societal discrimination with regard to radiolo-
gical impacts in choosing between geographic locations in which to live, in
choosing between common building materials for housing or in choosing the
activities in which to engage. The following are examples of routine radia-
tion exposures:

1. Background radiation variations due to geographic
location differences range from approximately 100
to 250 mrem/year within presently populated areas
in the United States (8).

2. Nothwithstanding background radiation differences
due to geographical locations in 1., above, back-
ground radiation exposure to persons living in
wooden houses versus brick houses differs by as
much as 150 mrem/year (27).

3. Background radiation due to a transcontinental
flight in a modern jet airliner is approximately
4 mrem/flight (28).

4. Background radiation from typical dcmestic acti-
vities (e.g., watching TV) is approximately 1.6
mrem/year for an average U.S. citizen (28).

Each of the above-noted activities involves a choice that di-
rectly affects an individual's exposure to radiation. The lack of societal
discrimination on the basis of the resultant radiolcgical exposure indicates
society's implicit acceptance of or lack of interest in low radiological risks
compared to the benefits perceived to be associated with these rules. Item 1,
above, shows the range of background radiation exposures in the United States
to be large. An incremental exposure of a few millirem due to a low probabi-
lity release from a waste disposal system would be small relative to the vari-
ations in background radiation and should be acceptable, since similar or
larger variations incurred by human choice are apparently acceptable. The
objective suggests that postulated repository-induced exposures should be

IT - 14



nearly indistinguishable from background radiation with regard to the magni-
tude of exposure. For the general population, an incremental exposure equal
to a few percent of natural background radiation would appear reasonably low.

In addition to long-term health and safety concerns addressed
in Objective 1, an HLW disposal system must protect the health and safety of
present generations. Objective 3 is directed toward that purpose.

Objective 3. Risks during the operating phase of waste disposal
systems should not be greater than those allowed for
other nuclear fuel c1c1e facilities. Appropriate

requlatory requirements established for other fuel
cycle facilities of a l1ike nature should be met.

In the context of this objective:

(a) R1sks refer to radiological risks either to
embers of the public or to facility personnel.

(b) Appropriate regulatory requirements refers to
sa;efy sfanaarés which were derived for similar
quantities of radioactive materials and/or sys-
tems subject to similar potential modes of fail-

ure and which can, with little or no modifica-
tion, be applied to a HLW disposal facility.

Basis for Objective 3

During the operating phase,* the waste disposal system must
function in a manner that adequately protects the public health aid safety.
As noted by the NRC staff (29), many existing NRC regulations and regulatory
guides offer guidance applicable to waste disposal facilities. The quantities
of materials handled and the nature of the potential risks associated with the
operations of a repository are similar to those presently subjecy to NRC and
EPA requirements (30-35). Such regulations reflect the values accepted by
those agencies as appropriate for the public health and safety. Becausc the
Nuclear Regulatory Commission and the Environmental Protection Agency have
determined that these levels of safety are acceptable for other nuclear fuel

*The phase when wastes are being received, handled, packaged, and placed into
the disposa! system.
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cycle facilities, it is reasonable to assume that the heaith and safety of the
public also would be adequately protected if the same standards were required
during the operating phase of an HLW disposal facility.

In addition to protecting the public health and safety (Objec-
tives 1, 2, and 3), HLW disposal systems also should protect the environment.
Objective 4 is directed toward that purpose.

Objective 4. The environmental impacts associated with waste dis-
osal systems should be mitigated to the extent rea-
sonably achievable.

In the context of this objective:

To the extent reasonably achievable means that which
is shown to be reasonable considering the costs and
benefits associated with potential mitigative mea-
sures and reasonable alternative courses of action in
accordance with requirements set forth by the Nation-
al Environmental Policy Act of 1969 and the Council
on Environmental Quality.

Basis for Objective 4

As noted by the Interagency Review Group (2), the Environmental
Protection Agency (5, 12), the Nuclear Regulatory Commission (6), and others
(7, 8, 13), there is a consensus that the environment must be protected and
reasonable alternatives should be considered. Consideration of such environ-
mental impacts is required by law (36, 37).

Objective 5. The waste disposal system design and the analytical
methods used {o Hevelop and demonstrate system effec-
tiveness should be sufficiently conservative to com-

ensate for residual design, operational, and long-

Eerm predictive uncerfa?nfies o* pofenf1a1 importance
to system effectiveness, and should provide reason-
able assurance that regu'atotx sfanaards will be met.

In the context of this objective:

(a) Conservatism means taking a course of action in
design, anaiysis, or operation which would tend
to overestimate adverse consequences, underesti-
mate mitigating factors, or otherwise provide
large margins of safety against wundesirable
outcomes.
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(b) Conservative measures might include:

(1) A careful step-wise approach to design and
operation.

(i11) Multiple containment and isolation bar-
riers with sufficient independence and
residual effectiveness to assure com-
pliance with appropriate radiation stan-
dards over the range of credible failures.

(i11) Design and operating margins which safely
limit the effects of system uncertainties.

Basis for Objective 5

The IRG stipulated in its recommendations (3):

The existence of residual technical uncertainties
must be recognized and provided for in the program
structure.

Because of the relatively long time frames considered in HLW
disposal and the current understanding of HLW disposal systems, there are a
number of uncertainties surrounding system parameters, model validities, fu-
ture conditions on Earth, and certain mechanical-chemical-thermal-radiation
relationships.

Regardless of the effort devoted to characterizing, developing,
and analyzing an HLW disposal system, uncertainties will remain in the models,
data, and other factors influencing performance assessments. Those uncertain-
ties that cannot be eliminated are called "residual uncertainties." The exis-
tence of residual uncertainties is not unique to waste management but is com-
mon to nearly every complex design or decision-making process regardless of
the particular field. As a contingency against such uncertainties, it is
customary to design safety factors, backup systems, or other measures to com-
pensate for uncertainties.

Objective 5 sets forth the conditions upon which the NWTS
approach to meeting the above IRG recommendation and providing an adequate
measure of conservatism is based. An expanded discussion of Objective 5 with
particular emphasis on parts (a) through (c) is provided in Section II.A.2.
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Objective 6. Waste disposal systems selected for implementation
should be based upon a level of technology that can
be implemented within a reasonabl.: per{oa of time,
shou not depend upon scientific breakthroughs
should be able %o be assessed with current capaBili-
ties, and should not require active maintenance or
surveillance for unreasonable times into the future.

Basis for Objective 6

In his 12 February 1980 statement, the President set forth the
following requirement (1):

The responsibility for resolving military and civi-
lian waste management problems shall not be deferred
to future generations.

In order to provide waste disposal systems within this century,
the technology required for such systems should be available within this de-
cade. Therefore, reliance cannot be placed on scientific breakthroughs.
Technology which is "reasonably available" must be brought to bear in a manner
that will provide high confidence of successful waste containment and isola-
tion. Confidence in the capability of a technology requires that its perfor-
mance be predictable by currently available techniques. Given that disposal
systems presently under development and available in this century can provide
that degree of confidence, there would not be adequate incentives to warrant
waiting for other systems requiring extensive technology development to be
available.

In addition, as emphasized by the Interageicy Review Group (2)
and others (7, 12, 22) this generation should implement technologies to dis-
pose of nuclear waste without reliance on perpetual surveillance or mainten-
ance activities. The Environmental Protection Agency, in particular, has
indicated in its draft criteria for waste management (5) that the Department
should not rely on such surveillance or maintenance for a period of more than
100 years after the termination of active disposal operations.
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Objective 7. Waste dis osal concepts selected for implementation
should be inde enaen% of the size of the nuclear
industry and of the resolution of specific fuel-cycle
or reacfor-aesian Tssues and should be compat*biq
w

national policies.

Basis for Objective 7

In his 12 February 1980 statement, the President set forth the
following requirement (1):

This effort [waste disposa]] must proceed regardless
of future developments within the nuclear industry --
its future size, and resolution of specific fuel
cycle and design issues.

Objective 7 1is directed toward implementing the President's
directives and ensuring that the proper care is exercised in developing waste
disposal system concepts to consider the constraints placed on their use by
national policy, to consider their availability for use relative to national
priorities, and to consider their jverall flexibility to accommodate potential
changes in such policies.

Summary

The proposed general performance objectives for the safe and
environmentally acceptable disposal of high-level radioactive waste are as
follows:

Objective 1. Waste containment within the immediate vicinity of
initial placement should be virtually complete durin
the pergoa when radiation and thermal oOutput are
dominated by fission product decay. Any loss of
containment should be a gradual process which results
in_very small fractional wasee Tnventory release
rates extending over very long release times, i.e.,
catastrophic losses of containment should not occur.

Objective 2. Disposal systems should provide reasonable assurance
that wastes will be isolated from the accessible
environment for a period of at Jleast 10,000 years

with no prediction of significant decreases in isola-
tion beyond that time.
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Objective 3.

In the context of this objective:

(a) Reasonable assurance means that the preponder-
ance of available technical evidence as inter-
preted by objective experts in the field sup-
ports the conclusions drawn.

(b) Wastes will be considered to be isolated if
long-term radiological consequences to the pub-
lic due to the cffects of any reasonably fore-
seeable events or processes are predicted to be
within the range of variations experienced with
background radiation. Releases with conse-
quences of a few millirem to a few tens of
millirem per year would be considered accept-
able provided that the ALARA standard for
man-made systems is met.

Objective 4.

Risks during the operatin hase of waste disposal
systems sﬁou&a not ge reager than those alloweé for
other nuclear fuel cycle facilities. Appropriate

requlatory requirements established for other fuel
cycle ?ac*lifies of a Tike nature should be met.

In the context of this objective:

/

(a) Operational phase risks refer to radiological
risks either to members of the public or to
facility personnel.

(b) Appropriate regulatory requirements refers to
sagefy sfanaards wﬁ!cd were derived for similar
quantities of radicactive materials and/or sys-
tems subject to similar potential modes of fail-
ure and which can, with little or no modifica-

tion, be applied to an HLW disposal facility.

The environmental impacts assoc’ated with waste dis-

posal systems should be mitigated to the extent rea-
sonably achievable.

In the context of this objective:

To the extent reasonably achievable means that which
is shown to be reasonable considering the costs and
benefits associated with potential mitigative mea-
sures and reasonable alternative courses of action in
accordance with requirements set forth by the Nation-
al Environmental Policy Act of 1969 and the Council
on Environmental Quality.

IT - 20



Objective 5. The waste disFosal system design and the analytical
methods used to develop and demonstrate system effec-
tiveness should be su¥%1c1ent1y conservat‘ve to com-

ensate for residual design, operational, and long-

Eerm predictive uncerfa!nfﬁes o* po!en!f&‘ importance
to system e??ectiveness' and should Frovide reason-
able assurance that requlatory standards w e met.

In the context of this objective:

(a) Conservatism means taking a course of action in
design, analysis, or operation which would tend
to overestimate adverse consequences, underesti-
mate mitigating factors, or otherwise provide
large margins of safety against undesirable
outcomes.

(b) Conservative measures might include:

(i) A careful step-wise approach to design and
operation,

(ii) Multiple containment and isolation bar-
riers with sufficient independence and
residual effectiveness to assure com-
pliance with appropriate radiation stan-
dards over the range of credible failures.

(1i1) Design and operating margins which safely
limit the effects of system uncertainties.

Objective 6. Waste disposal systems selected for 1Fglementation
shou € based upon a level of technolo that caii
be implemented within a reasonable .erio%l of time
not ge end upon scientific breakthroughs, should be
able to be assessed with current capabilities, and
should not regu?re active maintenance or surveillance

or unreasonable times into the future,.

Objective 7. Waste disposal concepts selected for implementation
should be 1n3epenaen% of the size of %ﬁe nuc lear
industry and of the resolution of specific fuel-cycle
or reactor-design issues and sﬁouia be comgaf¥5|e
with national 1

national policies.

Section II.A.2 provides an expanded discussion of Objective 5

to more fully describe its meaning and to emphasize its importance in the NWTS
program,

IT -21



I11.A.2 The National Waste Terminal Storage Program
Conservative Approach to Ensur{gg §a?e{y

Consistent with Objective 5, the Department has adopted a con-
servative approach to the safety of HLW disposal systems. The performance
objectives in [I.A.1, along with the criteria and standards to be promulgated
by regulatory authorities, will provide ultimalely the basis for assessing the
acceptability of specific proposed disposal systems. Extensive application of
calculational models will be used to predict the performance of disposal sys-
tems under a variety of potential conditions. Inasmuch as the exact condi-
tions that a disposal system will be subjected to during the next several
thousand years will not be known with certainty at the time of licensing, it
is necessary to build conservatism into the system to compensate for unexpec-
ted but credible occurrences which could affect its performarnc:, The IRG
report includes the following statement (9):

Regardless of how minimal hypothesized effects might
be, the IRG finds that the Federal Government should
maintain a technically conservative approach in pur-
suing development . . . for high-level and TRU waste
disposal.

A "technically conservative approach" means an approach which
is seen to be moderate, prudent, and safe. The purpose of a conservative
approach 1is to compensate for perceived uncertainties in the capability to
predict events and natural phenomena over the very long periods of time during
which radioactive wastes will continue to emit radiation, to compensate for
uncertainties in the data, and to compensate for uncertainties inherent in
simulating the real world through approximations in modeling processes. An
example of the relationship of the application of technical conservatism to
the uncertainties perceived to exist relative to using mined geologic disposal
is contained in Appendix A of a subgroup report written for the Interagency
Review Group (3).

In this section, the conservative measuras being incorporated
into the NWTS Program to provide confidence in system performance are discus-
sed, For the most part, these measures are not new but have been tried and
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tested in nuclear and nonnuclear engineering ventures for many years. The
main concepts discussed are (i) a step-wise approach, (ii) multibarrier system
approach, and (iii) use of design and operating margins.

I1.A.2.1 Step-Wise Approach

Whatever the disposal method chosen, the application of that
method to high-level waste dicposal will be novel. Much of the knowledge
brought to bear to ensure the adequacy of the final fully licon:2d system will
be acquired through early testing and observation. It is therefore prudent to
continuously reassess the state of knowledge, to search for the implications
of newly acquired findings, and to reevaluate designs and plans to ensure that
they are supported by the best and latest data. This approach of proceeding
cautiously and constantly reevaluating plans in light of new information has
been termed a "step-wise approach.”

Applied to waste Aisposal, a step-wise approach might involve
initial storage of material in (imited quantities under conditions that are
well understood or relatively benign. As observed phenomena are better under-
stood, additional quantities of material may be stored under conditions closer
to those anticipated for full-scale operation and again all system responses
would be checked and understood. The final system operation would be ap-
proached in a series of small steps, each one representing only a small
extension in the base of well understood knowledge, so that major surprises or
unanticipated events of serious risk wou'd be unlikely. For example, if a
waste disposal system were found to be unacceptable for some unanticipatcd
reason during the early stages of disposal, a step-wise approach would require
reversibility, i.e., the ability to retrieve the waste.

In applying the step-wise approach, the Department is making
widespread use of scientific peer review. During the development of the tech-
nology to implement a waste disposal sytem, the evalution of phenomena associ-
ated with a disposal system, the analysis of possible failure modes, the
interpretation of scientific evidence, and the program planning for further
development and observation, pertinent informat?on will be subjected to review
and criticism by scientific peers of participants in the program. Such evalu-
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ation by disinterested third parties with recognized scientific credentials
enhances the quality of the program results and increases the likelihood that
the safety assessments of waste disposal systems will be adequately per-
formed. This approach is also required in order to obtain "reasonable assur-
ance" in safety-related conclusions in the proposed Objective 2.

11.A.2.2 Multibarrier System

The performance of a waste disposal system can be discussed in
terms of those features that provide for isolation and containment of wastes.
In order to meet the primary objective previously described for a waste dis-
posal system, namely, to isolate the wastes from the accessible environment
and to pose no significant threat to the public health and safety (Objective
2), waste must be prevented from reaching the human environment in quantities
in excess of those permitted by radiation standards.* Routes by which the
wastes might reach the human environment are called "pathways." Features of
the system which act to either contain or isolate wastes to prevent them from
reaching the human environment are called "barriers." The multibarrier con-
cept requires that the success of the system be protected against deficient
barrier performance or failure by using a series of relatively independent and
diverse barriers that would not be subject to common mode tailure. Barrier
multiplicity is required both as a hedge against unexpected occurrences or
failures and to provide appropriate means for protecting against a wide
variety of potentially disruptive events. Acceptable system performance must
not be contingent on the performance of any non-independent** barrier combina-
tions.

Also as part of the multibarrier system concept, catastrophic
(total) system failure must be extremely unlikely due to barrier diversity and
independence. (See, for example, proposed Objective 1 regarding potentiai
losses of containment.) Therefore, for any credible event or combination of
events and processes, the system would need to retain sufficient barrier
effectiveness to keep releases within acceptable levels based on a conservative

B

*For example, 40 CFR 191 when it is issued by the EPA.
**Subject to common-mode failures.
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tive analysis. This defense-in-depth philosophy, i.e., the philosophy of
providing several levels of protection to ensure proper system operation, is a
natural result of the conservative approach.

Multiple barriers will provide confidence in the capability of
the disposal system to perform as required by making the total failure of the
system nearly impossible to achieve using credible means. Some examples of
barriers which a waste disposal system might include are the following:

1. Long-term resistance of the waste package to
potential adverse environments.

2. Design features to inhibit waste mobility, e.g.,
those to depress radionuciide solubility.

3. Mechanical features of containment structures
which inhibit waste transport, e.g., those pro-
viding Tow permeability for fluid flow.

4. Large separation distance and 1long tortuous
pathways between the wastes and the human envi-
ronment to allow time for radioactive decay.

5. Natural system processes which chemically retard
waste migration, e.g., sorption and formation of
precipitates.

Specific multiple barriers will be addressed in subsequent sections.

I1.A.2.3 Design and Operating Margins

Conservative design practices and operating restrictions will,
in part, compensate for residual uncertainties. For example, although there
may not be a basis to achieve system optimization, successful system operation
can be assured by "over" designing and by "under" operating within prudent
limits. It is a common engineering practice to apply factors of safety to
designs to compensate for uncertainties in material properties, unexpected
operating stresses, and design errors. In a similar fashion, design safety
factors will be used in repository systems to ensure succassful operation for
any set of conditions permitted by the system uncertainties. Furthermore, the
system will be operated within a range that has comfortable safety margins
between operating coenditions and potentially undesirable conditions.

IT - 25



To this end, limiting conditions will be determined and a tech-
nical basis for quantifying the appropriate margins will be developed. Subse-
quent discussions in this part will address sensitivity and uncertainty analy-
ses being conducted to establish a better perspective of the risk associated

with a variation of the input parameters.
By utilizing the conservative philosophies discussed in II.A.2,

a high degree of assurance in successful system operation will be possible.

Chapter II.B discusses the various disposal methods under con-
sideration and provides the rationale for choosing an interim planning strate-
gy. Subsequent sections indicate the steps taken to develop that strategy,
utilizing the philosophies in this chapter to give high assurance that the
objectives in II.A.1 will be met.
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I1.B ALTERNATIVES AND PREFERRED METHOD FOR DISPOSAL

This chapter presents the alternative nuclear waste disposal
concepts that have been proposed. Evaluations of these concepts to arrive at
a method adopted as an interim planning strategy are presented, along with
supporting rationales. The alternative disposal methods are compared to the
proposed disposal system objectives discussed in II.A.

11.8.1 Alternative Disposal Methods

Alternative methods for the disposal of spent nuclear fuel have
been examined in many studies. Most recently, the Interagency Review Group
(IRG) (2) and the Department in its Draft Environmental Impact Statement on
Management of Commercially Generated Radioactive Waste (38) have examined the
waste disposal alternatives. Other reports examining the broad range of waste
disposal alternatives include studies by Battelle Northwest Laboratory (39,
40) and the Environmental Protection Agency (41). The waste disposal techno-
logies which have been considered within these reports are as follows:

1. Mined geologic disposal.
2. Subseabed disposal.
3. Very deep hole disposal.
4, Rock melting disposal.
Island disposal.
6. Ice sheet disposal.
Deep well injection disposal.
8. Space disposal.
9. Waste partitioning and transmutation.*
10. Chemical resynthesis.*

*These technologies are not waste disposal techniques but are pretreatment
options, as discussed later. They are presented in this document for
completeness.
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In the studies mentioned above, these technologies have been
evaluated, examined as to their environmental impacts, and assessed as to
their technoloc’c state and applicability to disposal of spent nuclear fuel
(6). Based on the analyses, it has been concluded that disposal of nuclear
wastes in mined geologic repositories is most suitable for adoption as an
interim planning strategy pending completion of appropriate environmental
review (1, 43, 44). On 12 February 1980, the President adopted an interim
planning strategy focused on the use of mined geologic repositories (1). The
rationale supporting mined geologic disposal is presented in II.B.1.1 below.
The remaining nine disposal technologies are briefly described in II.B.1.2
through I1.B.1.10.

I1.8.1.1 Rationale for Mined Geologic Disposal

The Department's current programmatic emphasis is toward the
establishment of mined geologic repositories, as an interim planning strate-
gy. This section presents the rationale for the primary emphasis on mined
geologic disposal.

There are locations on Earth where changes of a geologic nature
take place slowly over time periods of millions of years. The rate of change
for geologic systems subject only to such long-term change mechanisms would be
so low that they could be assumed to be stable for periods of hundreds of
thousands of years. Consequently, it is believed that locations within the
Earth's crust whose primary change mechanisms require geologic time periods to
occur and which appear to provide negligible hydrologic transport potential
are suitable for the long-term isolation of nuclear waste (45, 46). To be
viable, a rock mass's previous geologic history would need to indicate proba-
ble continued stability for at least the next 10,000 years; it should be rela-
tively isolated from circulating ground water; it must be capable of contain-
ing waste without losing its desirable properties; it must he amenable to
technical analyses (i.e., within man's near-term ability to model); and it
must be technologically feasible to develop a repository within it, To
effectively use such a rock mass, man must be able to locate it, enter it,
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emplace waste in it, and seal it without permanently damaging its basic
integrity.

As presently conceived, a mined geologic repository will embody
three self-supporting and interrelated components to form a complete system
for the 1long-term isnlation of radioactive wastes: a suitable repository
design, a qualified site, and an engineered waste package system. The reposi-
tory design wil! combine conventional mining technology with designs based on
the ratioactive waste performance requirements. The Department is comprehen-
sively screanina the contiguous United States to identify qualified sites
(47). The waste package is being designed to maximize containment. The
entire system will be required to meet stringent performance and environmental
standards (48).

As discussed earlier many groups have examined waste isolation
alternatives. In his message to Congress on 12 February 1980 (1), the Presi-
dent adopted an interim planning strategy focused on the use of mined geologic
repositories pending the completion of environmental review under the National
Environmental Policy Act (50). Two recent reports with broad assessment bases.
have been the report of the Interagency Review Group (2) and the Draft Envi-
ronmental Imp.ct Statement (draft EIS) on the Management of Commercially Gene-
rated Radioactive Waste (38). The key elements of these reports relative tn
mined geologic disposal are summarized below.

I1.8.1.1.1 Interagency Review Group on Nuclear Waste Management

The IRG (2) recommended the following interim strategic plan-
ning basis for waste disposal (49):

« « « or the first (disposal) facility only mined
repositori»s would be considered. However, three to
five geolo'ic environments possessing a wide variety
of emplacement media would be examined before a selec-
tion was made. Other technological options (for dis-
posal) would be contenders as soon as they had been
shown to be technologically sound and economically
feasible.
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Following the public comment period of its draft report, the IRG reevaluated
its position on waste isolation and stated the following (50):

The IRG has reviewed its judgments about when imple-
mentation might be able to begin for the various tech-
nology options and still feels that the statements in
the draft IRG report are appropriate. The IRG agrees
the technical options other than mined repositories
might one day become the preferred approach for high
level and transuranic waste disposal, but still consi-
ders the relative near-term emphasis to be placed on
each should be as described within the interim sirate-
gic planning basis for high-level waste  described
above).

The President has adopted this strategy as an interim planning strategy (1),
and the NWTS Program is consistent with it.

i1.8.1.1.2 Draft Environmental Impact Statemeint on Commercially
Generated Radioactive Waste

The Draft EIS (38) embodies a comprehensive examination of the
10 disposal alternatives listed at the beginning of II.B.l1. The Draft EIS
concludes that mined geologic disposal is the preferred option. This option
has been adapted as an interim planning strategy, i.e., not final but subject
to change =nti) *the final EIS is issued. Prior to the issuance of the final
EIS, no decisions .~ commitments that would foreclose alternatives can be
nade. The Draft EIS findings on mined geologic disposal areas are as follows
(51):

1. Media Properties--A mechanically safe repository
can be designed in several types of rock.

2. Site Selection--There are no apparent reasons why
the site seilection and site qualification proce-
dures described (in the EIS) could not proceed
despite the present uncertainties in predicting
the long-term geologic stability.

3. Adequacy of Data Base--Further research is re-
quired to resolve some deficiencies in the data
base before repository performaice can be cor7i-
dently predicted.
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4. MWaste Form and Container Design--The geologic
disposal system will be designed on an integrated
basis to meet the required level of isolation.
The numerous design variables available (for waste
form and container design)--protracted cooling,
waste diiution, alternative waste forms, canister
and overpack design, and repository design--assure
that levels of isolation required tc ensure public
safety can be met.

5. Assessment of Data Base and Analytical Methods--
The geologic data base is strong for some media
and being developed for others. Shcrt-term geohy-
drologic assessment methods exist, while longterm
predictive geology methods require much work. The
data base for spent fuel's long-term stability is
limited but is under development. Many promising
waste packages designs have evolved and are being
evaluated. Some information is available on the
relation of human institutions and waste manage-
ment, but more work is required. The risks of
mined geologic disposal have been bounded for
short-term analyses, and are estimated to be very
small in relation to man made and environmental
hazards. Long-term risk assessment is being pur-
sued further.

6. Predisposal Systems for Geologic Disposal--The
*echnology for requisite predisposal systems is
well in hand.

Based on these and other assessments within the draft EIS, the disposal of
radioactive waste in geologic formations can likely be developed and applied
with minimal environmental consequences. As is discussed in further detail in
IT1.C.3, comments received by the Department on the draft EIS have not, at
this time, resulted in a change in these findings, which are provisional until
a final EIS is published.

In II.B.1.2 through I1I.B.1.10, which immediately follow, the
nine alternatives to mined geologic disposal which are considered in the draft
EIS are discussed and compared to the objectives in II.A.l.
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11.B.1.2 Subseabed Disposal

It has been postulated that high-level waste in suitable con-
tainers could be emplaced in relatively thick stable beds of sediaents located
in deep quiescent and remote regions of the oceans where slow sedimentation
has taken place over tens of millions of years and where continued sedimenta-
tion and stability are expected over millions of years into the future
(52-55). The key question is whether the sediments form a natural barrier for
radioactive waste isolation. The sediments are clay formations exhibiting
both vertical and horizontal uniformity, high plasticit. Tow permeability to
water flow, and high capability for ion exchange and sorption. The sediments
of interest range in depth from a few tens of mete~s up to a kilometer, with
large areas averaging 100 m to 200 m deep. Directly above the sediments is a
benthic boundary layer. This sediment/water interface extends upward from the
seabed about 100 m, with the water column extending upward to the ocean's
surface. The benthic boundary layer and the ocean waters offer an infinite
heat sink, and provide a potential pathway for ion migration and for dilu-
tion. However, an understanding of deep ocean physical circulation and
biological processes is necessary to address the risk of sediment isolation
failure, improper emplacement, or accidents during transport to the disposal
site. The concept may have the potential to isolate wastes from the environ-
ment for long periods of time. It is expected that the natural barriers could
be augmented by an engineered container that could provide containment until
the major part of the heat-generating waste had decayed to low levels.

The regions of such beds of sedimentation (called mid-plate,
mid-gyre regions) lie away from the seismic and volcanic edges of tectonic
plates under the axes of large circulating masses of water called gyres. At
these locations and depths, there is little biological activity. Also, be-
cause the sediments are primarily a collection of the wind-blown fine dusts
from the continents and other fine particulates that have filtered down
through the ocean, there is little resource value in these regions. Manganese
nodules may be found, but such nodules are common to large areas of the deep
ocean bottom (55).and those under the mid-gyre region appear to be low in iron
and copper (55).

IT - 32



Several major uncertainties remain for the subseabed option. It
has been suggested that the implementation of subseabed disposal of spent
nuclear fuel would be in violation of the U.S. Marine Protection, Research,
and Sanctuaries Act of 1972 (57) and would therefore require specific U.S.
Congressional action before adoption. Similarly, international laws may be
interpeted as restricting the subseabed option (58). It is possible, then,
that new international treaties would be required prior to adoption of this
option. These two policy concerns raise issues as to whether subseabed dis-
posal would meet the proposed Objective 7 (see II.A). Among the environmental
questions which need tu be resolved for the option are the confirmation that
the sediments pro.ide a natural barrier; that migration of radioactive wastes
through the seiment and across the benthic boundary layer is slower than the
natural radioactive decay process; that the biological and physical ocean
processes are understood, to permit assessment of potential release pathways
of radionuclides via the ocean and the food chain; and that potential implana-
tion and transportation accidents are assessed. These concerns introduce
uncertainties about the concept's ability to meet proposed Objectives 3, 4 and
5 (see I1.A).

Results of research to date support the continuing development
of the subseabed option, revealing no reason why it should be abandoned.
Thus, the IRG has recommended further exploration to resolve the uncertainties
remaining. The Department has implemented this recommendation and is funding
a continuing R&D effort on the subseabed option. The total number of uncer-
tainties and issues to be r-solved is still significant for this cuption, but
efforts to resolve them are proceeding.

I1.8.1.3 Very Deep Hole Disposal

The very deep hole disposal concept (59-62) would require that a
deep ho'e (10,700 to 50,000 ft) be drilled and that packaged spent fuel be
stacked within it. This alternative, being a variation of mined geologic
disposal, hypothetically permits disposal of radioactive wastes at great
depths below the Earth's surface. Conceptually, the very deep hole alterna-
tive would be deveioped and scrutinized similarly to the mined geologic dis-
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posal technology. Exhaustive siting and licensing procedures would lead to
designation of a site. Surface facilities would be constructed that would
resemble those conceived for mined disposal. Mobile drilling equipment would
be used to develop the deep drill holes. Foilowing waste emplacement, bore-
hole sealing techniques would be employed to isolate the wastes.

The uncertainties for the very deep hole disposal concept are
both technical and environmental. There is limited understanding of the fund-
amental controlling mechanisms at great depths. At the depths involved, our
present ability to confirm the geology is severely limited. Remote sensing
techniques are not available for these depths, nor is manned examination pos-
sible. Verification of isolation is at best intuitive for the very deep hole
concept. These questions indicate that verified compliance with the first six
proposed objectives presented in II.A is not now possible because of the high
degree of uncertainty. Retrievability appears to be prohibitive with the very
deep hole concept, making compliance with proposed Objective 5 doubtful. The
technology availability for this concept is also uncertain. The deep drilling
capability to the tolerances required is questionable. The emplacement tech-
nology is a problem because of currently inadequate cable technology and
potential problems in ensuring deep hole alignment. The technologic difficul-
ties and uncertainties with this concept are significant.

Very deep hole disposal is therefore not a prime candidate for
waste disposal at this time, but investigations of this option will continue,
with the possibility that the necessary technology may become available.
Parallel interest in developing resources such as petroleum and geopressurized
methane from very great depths provides an incentive for investigation of
deep-hole techniques which could, if developed, be applied to waste disposal.

[1.8.1.4 Rock Melting Disposal

The rock melting concept (63-68) for geologic disposal of nu-
clear wastes would call for the direct emplacement of the waste in a deep
underground hole or cavity. Radioactive decay heat would cause melting of the
surrounding rock, which in turn would dissolve the waste. In time, the waste-
rock solution would solidify, trapping the radioactive material in a relative-
ly insoluble matrix deep underground.
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The rock melting concept has a large number of technologic and
environmental uncertainties associated with it. As with the very deep hole
concept, our ability to understand the fundamental geologic and hydrologic
mechanisms that exist at reference depths (up to 10,000 ft) is somewhat limit-
ed. The use of conventional geologic exploration tools to verify conditions
of reference depths is uncertain. Manned inspection is not likely to be fea-
sible. In addition, retrieval of wastes from the process is probably not
possible. These and other factors limit confidence in this concept's capabi-
lity to meet the proposed Objectives 1 through 6 (see II.A).

Additionally, the rock melting concept is not suitable for all
wastes in the system. The ability of the concept to dispose of spent fuel is
questionable. If a mechanical or chemical preparation step were required, then
additional wastes would be generated which would not be suitable for disposal
by the rock melting concept, thus mandating that some other technology be
simultaneously available. For these reasons, the rock melting concept is not
a prime candidate technology for the disposal of spent fuel,

I1.B.1.5 Island Disposal

Island disposal (69, 70) is a variation of deep geologic dispos-
al which was conceived to increase the distance between man and wastes. As
presently envisioned, island repositories would be mined, have waste inserted,
be sealed, and perform in essentially the same manner as mined repositories
within continental boundaries. Certain islands in the oceans and along the
continental margins have the potential for providing the conditions necessary
for an acceptable mined repository waste disposal site. These islands are
remote from areas of economic activity and population; many are devoid of
known natural resources, since they are usually the remnants of long-extinct
volcanoes and are made up primarily of basalt rock formations (ocean islands)
or formed from igneous rocks not having any special known resource value (con-
tinental margin islands). Many of these islands are purported to have a sim-
ple equilibrium hydrological regime wherein a stable lens between the rain-fed
surface fresh water and the ocean-fed subterranean salt water is _stablished.
At the center of this lens, an overburden of fresh water is hypothesized to
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displace the more dense salt water. It is possible that at the lens center
near the boundary between the salt water and the fresh water, there may be a
region in which water ‘low velocities are small and distance to the ocean
water is large. These characteristics may be favorable for restricting relea-
ses of radioactive materials to the environment.

The meteorological conditions of many island sites is favorable
because of exclusion from areas of advancing ice caps and severe climate chan-
ges. However, the effects of severe ocean storms and tsunamis would need to
be considered in selecting a particular candidate island and depth of disposal
for the waste.

Although many of the islands were at one time the centers of
violent tectonic and seismic activity, many of the formerly active centers
have remained inactive for millions of years and are now located far from
active volcanic and seismic regions. Additiorally, island waste disposal
complexes would have little or no socioeconomic impact if an uninhabited is-
land could be chosen, although the socioeconomic impacts at ports would re-
quire examination. Many such islands are the property of the U.S. Government
or private individuals but are outside the jurisdictional boundaries of any of
the 50 states. Some islands may be subject to international treaty terms.

The island disposal concept has uncertainties associated with
its potantial environmental impact. There is a potential for dynamic inter-
action between the fresh and ocean water lenses in island geology, which may
preclude confidence in 10,000-year isolation mechanisms (see proposed Objec-
tive 2 in II1.A). There are technologic uncertainties with the ocean transport
of wastes, which, as in the subseabed concept, would be subject tu adverse
weather conditions. Several political issues, including international issues,
may restrict this option. With these uncertainties, and because the concept
does not appear to offer advantages over mined geologic disposal, the island
disposal concept is not a prime candidate disposal tecnhnology.

11.B.1.6 Ice Sheet Disposal

At and surrounding the Earth's rotational poles, there are large
uninhabited and desolate areas covered by ice masses thousands of meters thick
and extending somewhat uniformly over the polar regions. Where ice sheets
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cover continental areas such as Antarctica or Greenland, they remain stable
for long periods of time. Due to the extreme cold at the poles, the ice is
perennial. At depths greater than a few hundred meters, the ice behaves like
a plastic and flows to seal fissures and close cavities. Over long periods of
time, regions of ice central to the ice field flow to the perimeter and are
broken free by weathering and ocean forces to become icebergs. The transport
time for flow of ice from the center of the ice cap to its edge is a function
of the Earth's climate and is estimated to vary from tens to hundreds of thou-
sands of years through varying pluvial cycle phases.

Use of ice sheet disposal (71-75) as presently conceived would
include the encapsulation and transportation of spent nuclear fuel by sea to a
polar disposal site located in a region of stable and uniform ice. Canisters
would be placed into a hole a few tens to a hundred meters deep and would be
sealed over by water poured in place and allowed to freeze. Heat generated
within the canister would melt the ice in a region around the canister, and
the melt water and waste container, which are more dense than the ice, would
slowly settle. This settling would be likely to proceed to the interface
between the ice and the underlying rock. Eventuzlly several thousand feet of
solid ice would isolate the waste from the surface. The slow flow of the ice
might provide isolation for long periods of time, until the region of ice
flowed to the ice sheet perimeter and was broken off.

The ice sheet disposal concept is based on the assumption of
long-term stability of the polar ice masses. The concept is burdened with a
great number of associated technical, environmental, and legal uncertainties
(42). The technology for implementing ice sheet disposal would be extremely
difficult with the severe weather and temperature conditions presented.
Uncertainties about interaction between emplaced wastes and ice masses raise
questions about the concept's ability to contain and isolate wastes for the
period contemplated by proposed Objectives 1 and 2 (see II.A). If chosen, the
concept would also require new or amended international treaties (42).

Environmentally, ice sheet disposal has been estimated to be
unsuitable for nuclear waste disposal. Scientists representing the National
Academy of Sciences, the Scientific Committee on Antarctic Research of the
International Council of Scientific Unions, and the International Commission
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on Snow and Ice have concluded that the polar ice masses are not suitable for
the disposal of radioactive wastes (,6). The principal questions about the
ice masses' disposal capability are the uncertainty about the stability of an
ice mass for at least a 10,000-year period, and the possibility of wastes
being mechanically disintegrated by the movement of the ice mass on the base-
ment rock, leading to escape via unknown pathways. The conclusion on the
unsuitability of ice-sheet disposal has been echoed by the United Kingdom's
Royal Commission on Environmental Pollution (77). For these reasons, this
concept is not currently being pursued.

IHEL.7 Deep Well Injection Disposal

Geologic formations of sedimentary shales that are hundreds of
meters in extent under thousands of meters of protective overburden may be
essentially isolated from communication with the ground water and thus are
potentially isolated from the environment. In many areas, boundary layers of
the shale also form boundaries for a porous formation such as sandstone. This
porous formation is thereby isolated from the environment in much the same way
that the interior of the shale itself is isolated. In shale and in some of
the shale-capped but less porous media, large-area horizontal fractures can be
made by introducing liquids under pressure until the rock layers physically
separate. This process, called hydrofracturing, has been used to stimulate
the production of petroleum from well fields.

The deep well injection disposal concept (78, 79) would take
advantage of the isolation afforded by these geologic formations, as weil as
the hydrofracturing and well stimulation technologies commonly used in the
recovery of oil. As presently conceived, spent nuclear fuel would be mechani-
cally or chemically processed to produce a liquid or cement slurry for injec-
tion by the deep well injection method. The waste would be injected under
pressure into the host geologic formation. If hydrofracturing were the dispo-
sal method, the cement slurry would be injected into the shale or hydrofrac-
tured porous media at a depth of 300 m to 500 m below tne surface. For injec-
tion of liquid waste into porous media bounded by shales, depths from 500 m to
5,000 m could be used. Methods for preventing nuclear criticality by dilution
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of the fissile isotopes or dispersion of neutron absorbers or both would be
necessary, because the geometric configuration of the final waste reservoir
would be uncertain. Considerations of the chemistry of the host rock would be
important to ensuring effective criticality prevention.

Deep well injection is a well-defined technology, having been
demonstrated for low-level radicactive liquids in the Soviet Union (80, 81)
and for cement/grout slurries in the Unite ates (82-84). As mentioned
above, this concept would require mechanical or chemical processing of spent
fuel; this process would result in significant quantities of intermediate-
level, low-level, and cladding wastes which would also require disposal. The
concept is not compatible with some of these other wastes, and so some other
disposal concept would be required to supnort the deep well injection concept.

Many uncertainties exist for the concept, which may affect its
ability to meet the first six proposed objectives for waste disposal given in
IT.A. Included are uncertainties about migration pathways in ground water
that could preclude injecting a readily mobile, liquid, high-level waste into
deep strata. Containment barriers possible through the use of stabilized
solid waste forms and high-integrity containers would not be available using
this technique. The deep well injection concept probably precludes retrieva-
bility of wastes (proposed Objective 5). In addition, the necessity for
processing the spent nuclear fuel may conflict with proposed Objective 7 (con-
sistency with national policy) described in II.A. For these reasons, the deep
well injection concept is not a prime disposal candidate.

I1.B.1.8 Space Disposal

Several space disposal concepts (85-89) have been considered in
recent years. The currently favored concept is injection into a circular
solar orbit about halfway between Earth and Venus. Orbital calculations indi-
cate that for at least a million years, and probably longer, this orbit is
stable with respect to Earth and Venus and would not intersect the orbit of
either planet.

Several techniques could be used to place the nuclear waste into
orbit. The concept receiving most attention would use the Space Shuttle to
lift the waste package with its attached shielding, and an orbital transfer
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vehicle with a small second stage to near-Earth orbit. The waste package
would then be docked and assembled with the unmanned orbital transfer vehicle
and be propelled into the appropriate solar orbit. The orbital transfer vehi-
cle and the shielding would be recovered and returned to Earth for reuse.

Space disposal presents several technical uncertainties which
may limit the concept's ability to meet proppsed Objectives 3 (operational
phase impacts) and 6 (performance with available methods) as discussed in
II.A. The operational phase uncertainty involves launch failure and the
potential inability of the system to retain wastes in such a failure. Vehicle
loss probabilities have been estimated to be as high as 0.06/1aunch (90).
Although not every launch failure might release radionuclides, the Royal Com-
mission on Environmental Pollution nevertheless concluded (77), "“. . . the
consequences of even one failure that resulted in the release of the wastes
into the atmosphere would be so serious as to make the method (space disposal)
quite unacceptable at present.” In addition to these technical uncertainties,
space disposal is less feasible for spent fuel than for selected partitioned
waste streams, primarily because of launch energy requirements. Specially
tailored waste forms may also be required to survive the postulated conditions
of accidental reentry, so that the concept would have difficulty meeting the
proposed Coi.ctive 7 in II.A (consistency with national policy). Aside from
this res.riction, partitioning of spent fuel radionuclides would result in
other waste quantities which would require disposal via some other techno-
logy. The Department is cooperating with the National Aeronautics and Space
Administration in continued consideration of this alternative, primarily
focusing on the possibility of disposal of defense program high-level wastes,
but the significant problems described will require resolution before space

disposal becomes a realistic alternative.

11.8.1.9 Waste Partitioning and Transmutation

Waste partitioning and transmutation (91-96) is not a disposal
concept, but rather a treatment alternative for nuclear wastes. It is presen-
ted here to be compatible with the comparative evaluation referenced. Parti-
tioning involves chemical separation of waste constituents to facilitate an
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optimum method of management. Transmutation refers to a radiation treatment
of wastes by which nuclides with undesirable properties are converted to
wastes with more desirable properties (e.g., shorter half-life, lower radia-
tion hazard, lower mobility, etc.). The partitioning and transmutation con-
cepts together commonly imply the separation and "detoxification" by transmu-
tation of selacted radionuclides. Conceptually, the principal candidates for
partitioning and transmutation are iodine, technetium, and certain actinides,
which have very long radioactive half-lives. Transmutation concepts include
thermal reactors, fast reactors, fusion reactors, accelerators, and nuclear
explosives.

Extensive studies of the partitioning and transmutation process
have revealed major difficulties. Principally, there appears to be no risk
reduction to the process because of technologic limitations (96-99). Use of
the process would require that some disposal concept be used to support it.
Recent work has indicated that the process may result in an increased radia-
tion hazard during the short term, with no compensatin-, decrease in long-term
hazard. These difficulties and uncertainties appear to limit the concept's
ability to meet proposed Objectives 3, 4, and 6 given in II.A.

11.8.1.10 Chemical Resynthesis

The chemical resynthesis concept (100, 101) is not a disposal
alternative but would provide a waste form alternative. It is presented here
for completeness, since it has been discussed in the comparative evaluations
referenced. The chemical resynthesis concept, now only in the early concep-
tual stage, attempts to achieve thermodynamic equilibrium between waste and
host rock. This could conceivably be accomplished by means of the supercal-
cine ceramics processing and praducts now under development.

The chemical resynthesis concept is actually just a variation in
waste form that may provide specially tailored waste packages of very high
integrity. The use of this concept will continue to be examined, as part of
the effort in materials development needed to support the Department's ongoing
programs in waste management.
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11.8.2 Summary

Ten waste management technologies have been discussed above.
Mined geologic disposal appears most likely to meet all of the proposed objec-
tives in II.A.1. It is believed that locations within the Earth's crust whose
primary change mechanisms require geologic time periods to occur and which
appear to provide negligible hydrologic transport potential are suitable for
the long-term isolation of nuclear waste.

The alternatives of subseabed disposal and disposal in very
deep holes appear more amenable to being assessed with reasonably availabie
methods, but questions remain which must be addressed. They do, however,
appear sufficiently promising such that continued examination to assess their
potential for later development is warranted. The IRG has recommended that
these two options continue to be studied to comprehensively assess their capa-
bility as backup options (102).

Many of the remaining alternative concepts, however, currently
Tack enough definition to be judged by methods reasonably available and there-
fore fail to meet the proposed objective that waste disposal systems selected
should be able to be assessed with current capabilities.
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II.C PRINCIPAL FEATURES OF A MINED GEOLOGIC DISPOSAL SYSTEM

Chapter I1.B shows that mined geologic disposal is an appropri-
ate interim planning strategy which is likely to meet the performance objec-
tives in II.A.1. This chapter presents a general description of the mined
geologic disposal system, system components, and features of the components
that contribute to meeting the objectives stated in II.A.l1. A description of
the characteristics of spent fuel and the environmental conditions potentially
encountered by the waste package is also provided. The chapter's primary
purpose is to provide the reader with a basic understanding of the system as
an introduction to the more detailed discussions presented in Chapters II.D
through II.F.

I1.C.1 Concept Perspectives

In the mined geologic disposal system, containment and isola-
tion will be achieved by emplacing the packaged waste in a repository hundreds
of meters below the ground surface at a site selected for its favorable con-
tainment and isolation capabilities. Once radicactive wastes are emplaced, in
a properly sited and designed repository, credible means for return to the
biosphere are few (see II.D). Dissolution of the waste and transport of
radionuclides to the biosphere by circulating ground water are considered the
principal means by which radionuclides could be released to the biosphere
(103, 104).

In evalusting the system's performance, three periods in time--
the operational period, the thermal period, and the post-thermal period--and
two regions in space--the far field and the near field--can be considered.
The periods in time can be described as follows:

1. Operational period--the time when the repository
is open and during which waste can be empliaced or
retrieved (see II.F.3).

2. Thermal period--the period after closure of the

repository when radioactivity levels and heat
production are dominated by fission product decay.
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3. Post-thermal period--the time following decay of
the short-lived radionuclides, during which the
radiological hazard is dominated by the decay of
actinides and their daughters (105).

The regions in space are usually referred to as the far field
and the near field. Although no precise physical boundary separates them,
they may be described as follows:

1. The far field refers to the zone that encompasses
the host rock, the adjacent rocks, and the entire
gegion in which far-reaching effects may occur.

2. The near field refers to zones within, or closely
adjacent to, the repository structure. In many
cases, the near field is further refined into the
very near field to describe the zone immediately
adjacent to the waste package.

11.C.2 System Description

The mined geologic disposal system will be composed of 3 major
subsystems: the natural system associated with the site, the waste package,
and the repository. Together they provide multiple independent natural and
man-made barriers in accordance with Objective 5 in II.A.1. Descriptions of
the natural and man-made systems are provided in greater detail in Chapters
11.0 and II.E, respectively. The natural geologic and hydrologic features of
the repository site, as well as the remoteness of the repository (in terms of
depth below the surface and distance from water supplies), provide barriers
for containing and isolating nuclear waste from people and their environment
(11.D). Engineered barriers incorporated in the waste package and repository
system provide containment of the waste, delaying the time and retarding the
rate of release of radionuclides into the far-field environment (II.E.1 and
2). Prior to repository closure, engineered barriers in the form of container
and waste form will aid in protecting both the repository work force and the
general public by containing the waste and limiting the potential for its
dispersal if the container is breached. After the repository is closed,
protective measures will be provided to reduce the likelihood and the conse-
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quences of human intrusien into the repository (II.E.3). A conceptual mined

geologic disposal system diagram is shown in Figure II-2.
itory subsystems are described in the following paragraphs.
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Figure II-2. A Mined Geologic Disposal System
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I1.£.2.) Natural Systems

The repository site will include natural barriers which provide
waste containment and isolation. These barriers will keep radionuclides from
reaching man in unacceptable quantities by (i) maintaining the waste in its
emplaced condition for a given period of time (i.e., providing waste contain-
ment); (ii) limiting radionuclide mobility through the geohydrologic environ-
ment to the biosphere (i:e., providing isolation); and (iii) assisting in
keeping man away from the waste (principally by making intrusion difficult,
through use of host rock at depth; and unlikely, because there will be few
intrusion incentives). The site will contain a host rock suitable for con-
struction of the repository and containment of the waste, as well as surround-
ing rock formations which can provide adequate isolation. Desirable hydrolo-
gic features include low ground water flow rates, long path lengths to the
biosphere, and evidence of long-term stability. The important natural attri-
butes of the host rorkx include its thermal, mechanical, hydraulic, and chemi-
cal characteristics, which determine ground water movement and chemistry, and
the host rock's ability to withstand thermal effects.

Site selection factors are based on the characteristics cited
above and on other concerns such as the protection of the environment and

,institutional and socioeconomic concerns. Selection of the repository site
will take into consideration containment and isolation capabilities; potential
present and future environmental impacts, land use conflicts, and resource
conflicts; and other potential social, political, and economic impacts on
communities affected by the repository. Specific site selection factors are
presented in Chapter II.D.

A R Waste Package

The waste package is an important part of the overall waste
disposal system. During the operational phase (II.F.3), the waste package
provides containment for handling and emplacement and helps ensure retrieva-
bility. During the thermal period the waste package provides containment in
accordance with Objective 1 (II.A.1). Beyond the thermal period the waste
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package works in conjunction with the repository system and the na ral sys-
tems to provide waste isolation in accordance with Objective 2.

The waste package will include the waste form itself, a stabi-
lizer material, a canister, and one or more layers of protective materials
selected to minimize interactions among the waste, host rock, and ground
waters. A detailed discussion of the waste package and its components, in-
cluding the phenomena of importance to its performance, the requirements to
guide 1its development, and the status of knowledge regarding potential

materials and components which satisfy those requirements, is provided in
IIOE.I.

11.C.2.3 Repository System

The repository will incorporate man-made structures, which
permit access to the underground facilities and enhance waste containment, and
natural barriers, such as the local host rock, to provide containment and
isolation after closure. The design, construction, and operation of the repos-
itory will be carried out in a manner that preserves the desirable containment
and isolation capabilities of the natural system.

Surface facilities will provide for waste receipt, preparation
of the waste for emplacement, and transfer of the waste to the underground
workings. The surface facilities will be similar to those that have been
operated for the handling of radioactive materials over the past several
decades and also similar to common industrial mining facilities, for which
considerable engineering experience exists. The surface facilities will be
required throughout the operational period of the repository.

Repository facilities at depth will include a receiving area
for waste packages lowered down the shafts; transfer vehicles to move the
waste packages to the emplacement area and into the emplacement holes; and
equipment to emplace auxiliary barriers, backfill, and other shielding, as may

be required. Underground handling equipment will be operated by repository
personnel.

IT - 47



The repository will be constructed using conventional mining
techniques. In some of the softer rocks, continuous mining machines using
rotary cutter heads would be used. In nard rock repositories, drilling and
blasting would be required for shaft and tunnel construction. Waste packages
will be emplaced in the series of rooms in holes or trenches cut into the host
rock. The volume of rock removed for access and waste emplacement will be
considerably less than the volume removed in a conventional mine covering an
equivalent area. Conceptual designs have been developed with extraction
ratios of approximately 20%, whereas conventional mines reach ratios as high
as 90% (see I1.E.2).

In the conceptual designs for repositories prepared to date,
the emplacement rooms have been approximately 20 ft (6 m) wide by 20 ft (6 m)
high and several hundred ft long (106, 107). Emplacement rooms were separated
by pillars of undisturbed host rock about 70 ft (21 m) wide. A typical repos-
itory with a local thermal power density of 60 kW/acre (15 H/mz) might
occupy a total area of 2,000 acres (810 hectares) and accommodate about 70,000
MTU (about 160,000 assemblies) of spent fuel, depending on the design bases
used. Access from the surface would be through several vertical shafts that
provide the means to move personnel and m:zterials to the underground area, to
remove excavated rock from the underground, and to ventilate the excavated
areas. Figure I1-3 depicts a typical repository system.

Operational phase monitoring, during and after waste emplace-
ment, will be conducted to ensure that the repository is performing as pre-
dicted (see also II.F.3). If a reanalysis of repository performance based on
data collected during the operational phase indicates that the repository is
not performing as predicted, retrieval of the waste may be necessary. Repos-
itory design and operation will provide for waste retrieval capability
throughout the operational phase. The repository design will also facilitate
the decommissioning of the facility at the end of the operational period to
include sealing of the shafts and rooms when authorized by the Commission.
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Figure 11-3. A Typical Repository

(Reference 107) Kaiser Engineers, Conceptual Design Report - National Waste
Terminal Storage Repository for Storing Spent Fuel in a Bedded Salt Formation,

Kaiser Engineers, Oakland, CA, January 1979



11.6.3 Spent Fuel Characteristics

As stated in Part I, spent fuel from nuclear power reactors is
used in this Statement as the representative waste form. To aid subsequent
discussions of the waste package and the impacts of the waste on the man-made
and natural systems, a brief summary of spent fuel characteristics is provided
here. The reference spent fuel discussed here is uranium dioxide (UOZ) fuel
which has typically undergone 33,000 MWd/MTU burnup in a light water reactor
(LWR). Light water reactors are either pressurized water reactors (PWR's) or
boiling water reactors (BWR's).

I1.C.3.1 Physical Characteristics of Fuel Rod and Assembly

Fuel rods for light water nuclear power reactors consist of
short cylinders (pellets) of sintered uranium dioxide fuel which are stacked
and hermetically sealed in zirconium alloy or stainless steel cladding tubes.
The U0, (fuel contains slightly enriched uranium in which the fissile
U235) content is 2% to 4% of the total U content. Table II-2 summarizes the
fuel rod characteristics for LWR's. An example of a typical LWR fuel rod
(108) is shown in Figure 1I1-4.

Table II-2. Characteristics of Typical Light Water
Reactor Fuel Rods

Characteristic PWR BWR
Length, m 3.8 4.1
Active fuel height, m 3.7 3.8
Outer diameter, cm 0.95 1.2
Uranium content, kg 2 3
Pellet length, cm 1.9 1.5
Source: (Reference 109) U.S. Department of Energy, AnalF%ical Methodologz and
§%§%J1§170escrigtion - Spent Fuel Policy, - » p. 1-4, Augus
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Source:
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Figure II-4, Typical Nuclear Fuel Rod

(Reference 108) W.H. Baker and F.D. King, Technical Data Summary,
ent Fuel Handlin and Storage Facility for

- avanna ver Laboratory, p.A.3,
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The fuel rods are assembled into a square array, spaced and
supported by grid structures and end pieces. Although similar in design, fuel
ac<emblies used in PWR's and BWR's differ significantly in size and fuel con-
tent, A typical PWR assembiy is a 17 x 17 rod array with 264 fuel rods, with
the other 25 spaces left open for controi rods, burnable poison rods, and
instrumentation. A typical BWR assembly is a 7 x 7 rod array. The entire BWR
assembly is encased in a thin Zircaloy box called a fuel channel.

Table II-3 summarizes the physical characteristics of typical
PWR and BWR fuel assemblies (109). Figures II-5 and II-6 show examples of
typical PWR and BWR assemblies (108).

Table II-3. Characteristics of Typical Light Water Reactor
Fuel Assemblies

Characteristic PWR BWR
Length, m 4.1 4.5
Cross section, cm 21.4 x 21.4 13.9 x 13.9
Array, number 17 x 17 7 x7
Total weight, kg 670 279
U/assembly, kg 460 190
U0,/assembly, kg 525 215
Zircaloy/assembly, kg 1308 &7b
Hardware/assembly, kg 16¢ gd
Total metal/assembly, kg 145 650

3Includes Zircaloy control-rod guide thimbles.
BIncludes Zircaloy fuel-rod spacers.
CIncludes 10 kg stainless steel (SS) nozzles and 5.5 kg Inconel-718 grids.

dIncludes SS tip plates and ne%l1gible amount of Inconel springs.
(Inconel is the trademark of International Nickel Co.)

Source: (Reference 109) U.S. Department of Energy, Analytical Methodology and
Facility Description - Spent Fuel Policy, DGE?E%-UUSZ, p. 1-4, gugust
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Figure 1I-5. Pressurized Water Reactor (PWR) Fuel Assembly

Source: (Reference 108) W.H. Baker and F.D. King, Technical Data Summary,
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11.€.3.2 Thermal znd Radiation Characteristics of a Fuel Assembly

Most of the radionuclides formed during reactor operation are
contained in the structural matrix of the fuel. A small fraction is in the
annular gap surrounding the fuel pellets and in the hardware components of the
fuel assembly. After an LWR fuel assembiy is irradiated, it normally shows no
outward external physica' change other than the presence of thin films of
deposits and corrosion products. However, within the fuel rods, irradiation
causes the UOZ peliets to fracture because of thermal stress and changes in
the mechanical properties of the rods.

New fuel can be handled and shipped as a standard commercial
product, but spent fuel must be cooled and shielded because it is highly
radioactive and produces heat. 1Initially the heat and radiation in the spent
fuel are primarily generated by the radioactive decay of short-lived
nuclides. As fuel ages, the radioactivity decreases and the amount of cooling
required decre-ses. The decrease of radioactivity and heat generation for a
typical fuel .iement after removal from a reactor is shown in Table II-4. As
a referen . case, it is assumed that 10 years will have elapsed after removal
of th- spent fuel from the reactor before the fuel is introduced into a repos-
ary.

The spent-fuel characteristics described above will be refer-
enced in the ensuing disrussions of a mined geologic repository. A more de-
tailed discussion of tre characteristics of spent fuel is provided in IV.D.4.1.
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Table 11-4, Thermal and Radiation Characteristics of a Spent Assembly

(after 33,000 MWd/MTU burnup)

Age Thermal Powera Activityd oofiir;iiic

{yr) (Watts/assembly) (curies/assembly) (rem/hr)

1 4,800 2.5 x 106 234,000

5 930 6.0 x 10° 46,800

10 550 4.0 x 10° 23,400

50 250 1.0 x 10° 8,640

100 130 5.0 x 10% 2,150d

500 45 2.5 x 103 54
1,000 26 1.7 x 103 9.6d
5,000 15 6.0 x 102 2,54
10,000 6.4 4.5 x 102 1.8d

aSource:

bSource:

CSource:

(Reference 110) R.A. Kisner, J.R. Marshall, D.W. Turner, J.E. Vath,
Nuclear Waste Projections and Source Term Data for 1977, pp. 41-42,
-34, Dak Ridge National Laboratory, Oak Ridge, TN, April 1978

(Reference 111) S.N. Storch and B.E. Prince, Assumptions and Ground
Rules Used in Nuclear Waste Projections and Source Jlerm Data,
ONWT-24, Oak Ridge National Laboratory, Oak Ridge, TN, September 1979

(Reference 112) A.G. Croff et al., Calculated, Two-Dimensional Dose
Rates from a PWR Fuel Assembly, 6“[7TH3733?"U&R Ridge National
Laboratory, Oak Ridge, TN, March 1979

d Derived by applying reduction factors in Reference (113) to values given
in Reference (112) at 10 years. (Reference 113: H.C. Claiborne, L.D.

Rickertsen, and R.F. Graham, Expected Environments in a Nuclear Waste
Spent Fuel Repository in Salt, é&ﬁ[?Tﬂ-72§I (Draft) Oak Ridge National

[aboratory, Oak Ridge, TN, January 1980)
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I1.C.4 Environmental Conditions in Repositories

In a mined geologic repository the waste package will encounter
conditions that are influenced by the rock response to heat and radiation from
the waste and by geochemica! interactions between the natural environment and
the waste. Many factors i.fluence interactions between the host rock and the
waste package, the most significant are the temperatures and the composition
of ground water to which :he package might be exposed. Typical conditions can
be established for the lrcal environment around the waste package by using the
various calculational mrdels discussed in II.F. Representative examples of
typical near-field temperatures and ground water compositions for repositories
in salt, granite, and basalt are presented in II1.C.4.1 through II.C.4.3. The
temperature calculations were performed with the repository characteristics
given in Table II-5. In all cases the potential effects of fluids were
ignored in psrforming the thermal calculations.

In these examples the term “thermal power density" describes
the amount of waste placed in the repository in terms of thermal power gener-
ated by the waste per unit emplacement area of the repository, e.g., kW/acre.
The local thermal power density is calculated using the horizontal cross-sec-
tional area of one emplacement room and one room pillar and does not include
the areas represented by access drifts or the shaft pillar.

Table II-5. Spent-Fuel Repository Characteristics

Characteristic Salt Basalt Granite

Local thermal loading,

kW/acre 60 100 80 80

(W/me) (15) (25) (20) (20)
Pitch (along canister row), m 2.7 1.6 1.83 1.83
Distance between canister 3.7 1.7 2.5 2.5

rows, m
Canister thermal power, W 525 550 550

at emplacement
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I1.C.4.1 Environmental Conditions in a Salt Repository

Calculations have been performed to assess anticipated tempera-
tures and potential accumulation of fluids in the very near field in a salt
repository. Thermal field calculations were performed, and the temperatures
and temperature gradients were then used to estimate the maximum influx of

brine.

I1.C.4.1.1 Temperatures in Salt

Calculations of temperatures in salt have been made using a
three-dimensional a.ilyeis for a design in which storage rooms at a depth of
2,000 feet in a bedded salt tu~mation contain two rows of spent fuel assem-
blies in vertical, backfilled holes in the floor (113). In this reference,
spent fuel generating 525 W per canister at the time of emplacement were
used. Local thermal power densities of 100 kW/acre (25 H/mz) and 60 kW/acre
(15 H/mz) were ccisidered. The repository characteristics used have been
summarized earlire (see Table 1I-5). Thermal properties of salt were taken
from the draft -IS baseline (114).

The temperature histo-ies at the canister midplane, the posi-
tion of maximum temperature, for thes. conditions are shown in Figure II-7.
The salt temperature peaks at about 95°C for the 60 kW/acre case, and
approximately 140°C for the 100 kW/acre case. The temperatures of the
canister wall peaks at 100°C and 145°C for the 60 kW/acre case and 100
kW/acre cases, respectively. These peca“ temperatures occur within 50 to 60
years after emplacement. These calculationc d4id not include the potential
mitigating effects of ventilating emplacer rooms, which, if carried out
throughout the emplacement period, could renuve a significant fraction of the
thermal energy which would otherwise be absorbed by the host rock (113).

i L8148 Fluid Conditions in Salt

Under natural conditions, no circulating ground water is pre-
sent in bedded or domal salt. With the presence o heat, hziucver, the migra-
tion of fluids in the form of inclusions, crystal boundary entrapments, and
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water of hy ation has been suggested as a source of fluid near the waste
package (115). This phenomenon has also been observed experimentally (116,
117). Calculations (113) to estimate the influx of brine from the rock salt
near the waste canister into the canister cavity have been made with the
“MIGRAIN" computer model (see II.E.2 and II.F.1). The temperatures and tem-
perature gradients were calculated in the same manner as those discussed in
the preceding paragraph, but for a single-row emplacement configuration at 60
kW/acre thermal power density. MIGRAIN incorporates correlations of labora-
tory observations of the migration velocity of brine inclusions with the tem-
perature gradient, temperature, and phascs present in the inclusion. The
laboratory experiments concentrated on single crystal behavior and did not
account for migration across crystal boundaries. Vapor phase transport was
not considered in the calculation. It is believed that the consideration of
these factors would have reduced the calculated accumulation of brine at a
waste canister (118, 119). The calculations therefore are considered over-
estimates of the quantity of brine expected. If the MIGRAIN model is combined
with the temperature fields and gradients (maximum value less than
0.3°C/cm), the inflow shown in Figure II-8 would be prodicted. Under these
assumptions, for a single-row emplacement configuration, the total accumulated
influx of brine 1,500 years after emplacement is about 6 liters.

The concentrations of the chemical constituents of the fluids
which could contact the waste package are highly site-dependent. The major
constiluents are sodium and chlorine. Some magnesium and calcium chlorides
and sulfates can also be present. Domal salt generally contains fewer impuri-
ties than bedded salt. Thus, brines associated with domal salt have greater
sodium and chlorine ion concentrations relative to other dissolved solid con-
centrations. Brine in inclusions and crystal boundary entrapments may have
higher magnesium content. The composition of WIPP "B" brine, which has been
used in radionuclide leach tests (120), is shown in Table II-6. This brine
was produced by dissolving in water a sample of salt from the Los Medanos
bedded salt site in New Mexico; this site has been proposed as the location
for the Waste Isolation Pilot Plant (WIPP) project (121).
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Figure 1I-7. Temperature Profiles For Salt Repository
Source: (Reference 113) Adapted from H.C. Claiborne and L.D. Rickertsen,
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Sait, ORNL/TM-7201, Oak Ridge National Laboratory, Oak Ridge, TN, in
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Table 1I-6. Chemical and Ionic Composition
of WIPP "B" Brine

Concentration

Ion (mg/1)
Na* 1.2 x 10°
" od 15
rRb* 1.0
o 1.1
mg*t* 10.0
ca*t 8.8 x 102
srtt 15.0
Fettt 2.0
Cl 1.8 x 10°
Br 4.0 x 10°
I 10.0
HCO, 98.0
50, 3.5 x 10°
B (303) 100.0

Source: (Reference 121) R.G. Dosch and A.W. Lynch, Interaction of Radionu-
clides with Geomedia Associated with the Waste [solation Pilot Plant
WIPP) Site in New Mexico, SAND78-0297, Sandia National Laboratory,

Tbuquerque, NM,

I1.C.4.2 Environmental Conditions in a Granite Repository

[1.C.4.2.1 Temperatures in Granite

Calculations of temperatures in the very near field in a
granite repository have been performed (122). These calculations were for a
reference repository synthesized from the existing designs available through-
out the world (123-126). The repository was assumed to be 1,000 m below the
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Earth's surface, with spent fuel emplaced in two rows per emplacement room at
80 kW/acre (20 w/mz) local thermal power density. The emplacement holes
were assumed to be backfilled with dry, crushec granite immediately after
emplacement of the canister. The reference granite repository characteristics
have been summarized in Table II-5. Granite properties were based on a survey
of the literature. In this example a thermal conductivity of 2.52 W/m-%
was used. These properties were assumed to be temperature-independent. Tem-
perature distributions were calculated for a single canister using the
finite-element computer model, SPECTROM 41, with an axisymmetric model of the
canister, These distributions were combined using SPECTROM 42 to determine
the effect of all canisters on the repository temperatures (122).

The temperature histories for granite at the emplacement hole
surface and for the canister, both at the canister midplane, are shown in
Figure II-9. The granite temperature peaks at 150°C at 35 years after
emplacement. The canister temperature peaks at about 170°C at 25 years
af ter emplacement (122).

I1.C.8.2.2 Chemical Constituents in Ground Water in Granite

The chemical constituents found in ground water in deep granite
are directly related to the composition of the granite containing the water.
Since no two graritic rocks are identical in composition, ground water con-
stituents vary (127). However, the major components of the granite that
affect the composition of the ground water lie within generally accepted
bounds (128) and can thus be used in describing the ground water. Table II-7
lists major and minor constituents typical of an unweathered, intact granite
1,000 m below the Earth's surface, with negligible recharge from the sur-
rounding zones and prior to any interactions with the waste package. These
values are based upon a survey of the literature on granitic rock mass proper-
ties (127).
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Table II-7. Ground Water Composition of Generic Granite

Component zESZEI
ca?* 20 - 60
Nat 10 - 100
Mgz*’ 5 - 30
Fetot 1-20
Fel* 0.5 - 15
K 1-5
Mn2* 0.1 - 0.5
HCO, 60 - 400
- 5 - 100
505" 1 - 40
NO3 0.1 -2
P03 0.01 - 0.6
F- 0.5 -3
HS™ < 0.1-5§
co, 0-25
510, 5 - 40
NO, < 0.01 - 0.1
0, <0.01 - 0.07

Source: (Reference 127) G.K. Coates, Expected Repository Environments in
Granite: Ground Water Composition in Gran?ge Rock, Technical Letter
Memor ar..;um RS1-0047, RE?éEE%, Rapid City, SD, March 1980

II - 64



Temperature { C)

T L ¢ T TTVTT] 4 ! 4 4 YTYI‘TI T J

0.1 05 1.0 5.0 10 40

Time (Years)

Figure 1I-9. Temperature Histories in a Granite Repository
at Canister Midplane

Source: (Reference 122) J.D. Osnes and K.3. DeJong, Expected Repository Envi-

ronments in Granite: Thermal Analysis of the Very-Near-Field Region
for Sﬁent Fuel Reaositor§ in_Granite, Technical Letter Memorandum

I- " , Rapi ty, SD, March 1980

11.0.8.3 Environmental Conditions in a Basalt Repository

P06l 3:1 Temperatures in Basait

Calculations for the very near field in a basalt repository
have been performed using the same repository and waste characteristics used
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in the preceding granite example and as given in Table II-5. Typical values
for basalt properties were used (129). In this example a thermal conductivity
of 1.16 W/m-%% was used. The ambient temperature in basalt at 1,000 m depth
is in the range of 40°C to 55°C. A temperature of 50°C was used in this
example.

The temperature histories for the basalt at the emplacement
hole surface and for the canister, both at the canister midplane, are shown in
Figure II-10. The basalt temperature peaks at 250°C at 25 years after em-
placement. The canister temperature peaks at 280°C at 20 years (129).

11.C.4.3.2 Chemical Constituents in Ground Water in Basalt

Ground waters within the deer<r portions of a thick rock se-
quence, such as the Columbia River basalts, are cut off from effective inter-
change with the atmosphere. Hence their chemical compositions are controlled
by chemical reactions involving the primary and secondary minerals of the
rock. Average compositions and ranges of compositions for ground waters from
the Columbia River basalts (130) are given in Table II-8.

11.C.5 Summar

A mined geologic disposal system incorporates those features
that can provide waste containment and isolation. The environment which the
waste packages will encounter in representative repository systems has been
described. It will be composed of three major subsystems: _he natural system
associated wih the site, the waste package, and the repository. Together they
provide multiple independent natural and man-made barriers. The next two
chapters describe in detail the features, requirements, and the status of
knowledge for each of these subsystems.
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Figure II-10. Thermal Histories for a Basalt Repository
at Canister Midplane

Source: (Reference 129) Adapted from J.D. Osnes and K.B. Dedong, Thermal

Analysis of Very Near Field Region for Spent Fuel Repository in Ba-
salt, echnica etter Memorandum RS1-0049, RE75PE¥, Rapid
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Table II1-8. Average .omposition and Range in Concentration of
Major Chemical Constituents Within Ground Water for
Forma*ion of Columbia River Basalt Group
(concentrations in mg/1)

Lower Saddle Upper Wanapum Grande Ronde
Constituent Mountains Basalt Basalt Basalt
ANIONS
HCO4 217 177 75
(169-267) (141-216) (66-88)
€03%" 0 0 50
(101-127)
c1 20 6.6 131
(4.3-63) (3.8-15) (98-148)
S04°" 4.0 11 72
(.3-18) (.2-32) (13-108)
NO4™~ .5 5 N.D.2
( -5) (01'2.7)
F 2.2 .7 29
(.1-8.0) (.2-2.0) (22-37)
CATIONS
Nat 83 34 225
( 36-122) (17-80) (182-250)
K* 11 11 2.5
(7.7-14) (5.9-19) (1.9-3.3)
ca?* a.7 17 1.1
(.5-22) (1.6-2¢) (.8-1.3)
Mg 2* 1.8 8.8 .7
(1.-12) (.2-15) (.0-2.0)
Si07 69 57 117
(56-91) (41-73) (115-121)
Total dissolved
solids (sum) 413 324 705
(344-505) (283-435) (584-826)

aN.D. = not detected.
Source: (Reference 130) R.E. Gephart et al., Hydrologic Studies Within the
ration of C

Columbia Plateau, Washington - An Integ urrent‘Rﬁbwled;e,
-BWI-ST-5, Rockwe anford Operations, Richland, WA, October 9
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[1.n NATURAL SYSTEMS OF MINED GEOLOGIC DISPOSAL

This chapter discusses the natural components of a mined
geologic disposal system. It describes the function of the natural system
(I1.D.1), outlines factors influencing that function (11.D.2), lists criteria
used by the Department for choosing a site (I1.0.3), outlines applicable
investigative methods for characterizing the natural system (11.0.4), and sum-
marizes the status of knowledge in current repository exploration programs
(IT.D.5). Further detailed information regarding current siting activities is
given in Appendix B to this Statement.

The natural system described here and the man-made systems dis-
cussed in Chapter I1.E each provide a high degree of assurance that a reposi-
tory will perform its function in a manner that is safe and environmentally
acceptable (Objectives 2 and 4 in II.A.1). Together, they comprise a total
system of multiple independent barriers that will ensure the capability of a
mined repository to meet the objectives of long-term containment and isolation.

I1.D.1 Function of Natural Systems

For the purposes of this Statement, the natural system is the
portion of the Earth's crust, including any fluids within it, that will pro-
vide for the containment and isolation of wastes. Natural systems, independ-
ent of man-made structures, will provide multiple barriers capable of prevent-
ing or retarding the migration of radionuclides from the repository to the
biosphere.

The natural system for waste isolation consists of the reposi-
tory host rock, surrounding geologic formations, and the associated hydrologic
environment. It is discussed in the context of a near field and a far field.
The near field provides both containment and isolation for the emplaced waste:
containment by minimizing the 1likelihood that circulating ground water will
contact the waste package (Objective 1 in II.A.1), and isolation by ensuring
that any migration of radionuclides through the near field will be very slow.
The prime function of the far field is to ensure that, if radionuclides were
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released from the near field, ensuing migration to the biospher. would be of
sufficient duration to satisfy Objective 2 set forth in Section II.A.l.
Understanding the far-field natural system is also important in ensuring the

long-term stability of the mined geologic disposal system.
In summary, the natural system must have adequate* containment

and isolation capabilities to meet the objectives stated in Section II.A.l.
Specific characteristics that determine the capability of the natural system
to perform its function at particular sites are discussed in subsequent
sections.

I1.0.2 Factors Influencing the Choice of Natural Systems

The selection of the natural system in which to site a reposi-
tory is based on a number of factors related to (i) the function of the natu-
ral system itself, (ii) the potential for human breaches of the repository,
and (iii) requirements associated with repository construction and operation.
For this discussion, the characteristics of natural systems and the phenomena
that may affect their performance are grouped into four broad categories:
geologic, hydrologic, tectonic, and resource factors (Table II-10). There is
some overlap among the categories. For example, hydrologic conditions are
closely related to such geologic characteristics as rock types, rock distribu-
tion, and the geometric configuration of fractures; als- the study of geologic
factors is used to determine tectonic processes and ‘ne presence of potenti-
ally useful minerals. Thus, the separation of the =itural system into compo-
nents is discretionary, but it facilitates study and discussion of the multi-
faceted geologic environment required for an effective radioactive waste

repository.

*The terms "adequate," "sufficient," etc., when used with regard to isolation
potential, refer to a capability to demonstrate by mathematical models that
impacts will not exceed the limits established in regulations to be
promulgated by the Nuclear Regulatory Commission and the Environmental
Protection Agency.
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Table TI-9. Factors Which May Affect the Natural System

Geologic Factors Tectonic Factors
Stratigraphy Earthquakes
Structure Fault movements
Sorption characteristics Epeirogeny, isostacy
Thermal properties Niapirism
Mechanical properties Jlcanism
.ntrusion
Erosional incision
Hydrologic Factors Resource Factors
Hydraulic gradient Meta.lic ores
Hydraulic conductivity Nonmetallic ores
Porosity, permeability Hydrocarbons
Ground water residence time Average crustal concentrations
Dissolution Geothermal sources
Climatic fluctuations Unique subsurface land uses
Flooding
I1.0.2.1 Geologic Factors

The geologic factors important to the performance of a reposi-
tory include (i) the stratigraphic distribution and structure of rocks; (ii)
the mineralogy of rocks and its relation to the rocks' capacity for radionu-
clide sorption and (iii) the thermal and mechanical properties relative to
natural and repository-induced stress states.

The capacity for sorption and the the~mal-mechanical properties
of local rock masses are discussed as geologic factors because they are pri-
marily attributes of the rock itself. Hydrologic, tectonic, and resource fac-
tors, though closely related to stratigraphic and structural conditions, are
discussed later. It is important to note, however, that all components of the
natural system depend on the distribution and condition of the various rock
types within the vicinity of the site.

IT -71



11.0.2.1.1 Stratigraphic and Structural Characteristics

A variety of rock types may occur at a particular site, only
one of which needs to be at an appropriate depth and of a suitable composition
for hosting a repository. Surrounding rock types may also possess attributes
that enhance the potential for waste isolation; for example, the clays, silt-
stones and shales that commonly surround salt domes, layered salt beds, and
granitic masses can be highly impermeable to water. The distribution and
character of the components of this multimedia rock system, including its
structure, determine the containment and isolation potential of the natural
setting.

The rock types currently under consideration as host media for
a repository are salt, granite, shale, tuff, and basalt. Decades of geologic
exploration in the United States have shown that there are many places where
potential host rock units of adequate volume exist at appropriate depths
(131-133). Several investigations sponsored by the Department and other
organizations have confirmed this fact (134-142). Surveys of existing infor-
mation have identified sedimentary basins where massive salt deposits are
present 300 to 1,000 m below the surface (134-137). Similar studies have con-
firnied the existence of shale and tuff masses with the required dimensions and
depth (138, 139). Extensive masses of granitic rocks throughout the United
States are also suitable for additional study (140-142). The existence of
potentially suitable rock bodies of sufficient dimensions and depth for devel-
oping a repository is therefore not an issue. Virtually every State contains
a sufficient quantity of one or more of the candidate rock types (131-133).
The remaining stratigraphic and structural issues concern the identification
of specific sites having suitable combinations of local geologic and hydro-
logic conditions for waste isolation.

An understanding of the character, condition, and geometric
configuration of rocks in the vicinity of a repository is essential for devel-
oping predictive models used to estimate the performance of a repository.
Promising sites are identified by a screening process that evaluates their
geologic settings in terms of certain criteria (11.0.3). Site identification
(see I11.C.1) is followed by detailed stratigraphic and structural mapping,
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geophysical surveying, and subsurface exploration (e.g., drilling) which allow
the character and configuration of the rocks to be determined in detail. The
data thus collected are used to assign numerical parameters to rock proper-
ties. The parameters, in turn, are used in computer models to predict the
site's containment and isolation qualities. In order to construct models that
realistically represent the geologic volumes ~f interest, it is necessary to
determine the degree of correlation between s igraphic and structural prop-
erties and such physical parameters as permeability, sorption capacity, ther-
mal conductivity, and deformation characteristics.

The potential effects of fractures nn the thermal and mechani-
cal responses of the rock, on the rock's capacity for radionuclide sorption,
and on local ground water flow conditions must be evaluated for each site. If
it is found that these effects are sensitive to local variations in fracture
geometry or in situ stress, appropriate subsurface characterization and test-
ing methods may need to be developed at each site before final decisions on
suitability can be made.

13.0,2.1.2 Sorption Characteristics

Sorption as used in this Statement refers to a variety of
chemical processes, including precipitation, ion exchange, surface adsorption,
and solid solution formation, that may affix, temporarily or permanently,
waste radionuclides onto the matrix of the rock mass within or around a
repository. Although the upper limit to the rate of radionuclide transport
will be determined by the velocity of ground water movement, sorption by
minerals along the paths of ground water flow will retard radionuclide migra-
tion, thereby increasing the effective isolation time.

Ground water generally contains low concentrations of the
chemical elements that are constituents of the rocks through ¢hich the water
flows. During flow, a slow interchange occurs between the chemical species
dissolved in the water and those in the surrounding rocks. Net deposition or
dissolution of specific elements may occur locally, depending on the chemical
characteristics of the ground water, the mineral composition of the surround-

ing rocks, the pH, the oxidation-reduction potentials, temperature, pressure,
etc.
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The transport of radionuclides by ground water is dependent on
a variety of local factors including ground water flow rates; the fracture
geometry, porosity, and permeability of the host rock and surrouncing geologic
formations; the temperature and pressure gradients in the vicinity of a re-
pository; and specific surface area of rocks and fracture-filling materials
exposed to circulating ground water. A1l these factors influence the direc-
tion and the rates at which radionuclides can move through the rock in and
around a repository. Sorption capacity in this Statement can be expressed by
the distribution coefficient K,, which is the ratio of the solute (particu-
lar radionuclide) retained in the rock to the solute remaining in the solvent
(water) after equilibrium is attained (147-149). Sorption capacity can also
oe expressed by the retardation factor Rd, or the ratio of radionuclide

migration rates to ground water flow rates (146).

Sorption properties of rocks are characterized by state-of-the-
art laboratory and in situ techniques. Studies now in progress are measuring
retardation for a variety of radionuclides as a function of temperature, pres-
sure, water flow rate, ground water chemistry, rock type, and mineral composi-
tion (143-149). Data from these measurements are used in computer models to
evaluate the retardation potential of the host rock and ground water system
(see I1.F.1). Results indicate that many rock types in diverse settings have
a large capacity for retarding radionuclides (143-149).

It is possible to deduce from mass balance relations that the
total mass of radionuclides contained in a repository could be sorbed by a
volume of rock existing within a few meters of the emplaced cannisters.
Migration rates of radionuclides in ground water are thus potentially much
siower than the rates of ground water flow. However, the relative rates of
sorption and desorption; the surface area of rock in contact with circulating
ground water; the effects of fracture geometry, minerals along fractures,
temperature and pressure gradients; and the rates and quantitities of local
ground water flow are issues that must be addressed for each individual site
to estimate its capacity for retarding each radionuclide.
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11.0.2.1.3 Thermal and Mechanical Properties

Thermal properties determine the capability of the host rock to
absorb and dissipate the thermal energy emitted by the radioactive waste
emplaced in the repository. Thesz properties, measured by various techniques
(150-151) on rock samples collected at the site during site qualification, are
used to evaluate heat transfer and thermal effects in the near field. Param-
eters that determine the thermal responses of the rock include rock density,
the coefficients of thermal expansion, specific heat and thermal conductivity.
Heat flow in the vicinity of the repository can alter pre-existing mechanical
and chemical equilibria. Strecs resulting from thermal expansion in a con-
fined medium will cauc> deformation which, if it becomes sufficiently great,
could cause fracturing or creep behavior in the host rock (152, 153). Knowl-
edge of thermal properties is used in the design of a repository (I1.E.2), so
that the thermal effects produced by the emplaced wastes will not diminish the
containment and isolation capahilities of the natural system. The reiation-
ship of thermal properties m:asured under controlled laboratory conditions to
in situ thermal properties of fractured, perhaps water-bearing, rock masses is
being addressed by current studies in order to improve the capabilities for
thermal modeling at a specifi: site (II.F.1) (153-159).

Mechanical properties determine the deformation induced in the
host rock by both the construction of the repository and the emplacement of
heat-generating waste. During site qualification, these properties are meas-
ured by various techniques on rock specimens from the site (151-160). 7The
parameters that characterize deformation are Young's modulus, Poisson's ratio,
and the coefficient of thermal expansion. CQther parameters govern the
strength of the rock (resistance to nonelastic deformation); they include co-
hesion, compressive strength, and tensile strength. Salt and shale exhibit
creep deformation and tnus have the ability to deform in such a way that they
can continually seal potential pathways for ground water flow (152, 161

162). For these media the creep rate must be determined as a function of
stress and temperature. A more rigid medium like granite provides more stable

mine openings and makes tunnels and pillars more resistant to failure from
thermally induced stresses (153, 163, 164).




Rock failure may not have adverse effects on radionuclide con-
tainment and isolation. Specific effects will be determined at each site by
comparing the stresses and deformations induced in both fractured and porous
media and assessing their impacts on the hydrologic system. The methodology
for limiting the impact of repository-induced effects on surrounding rocks by
controlling repository design variables are discussed in Section II.E.2.

11.D0.2.2 Hydrologic Factors

Knowledge of ground water hydrology is perhaps the most impor-
tant requirement for understanding the long-ter:n behavior of a mined geclogic
repository. The transport of radionuclides away from the waste-emplacement
zone by moving ground water is by far the most likely mechanism by which
radicnuclides might migrate from a repository to the biosphere. Understanding
the hydrology is fundamental to attempting to predict the directions and rates
of radionuclide mcvement and the 1locations and concentrations of specific
radionuclides at a given time. The pertinent characteristics of ground water
systems include the followinc:

1. tocations and dimensions of water-bearing strata.

2. Existence of aquifers and aquitards.

3. Hydraulic gradient, the driving force for ground
water flow.

4, Porosity, permeability*, and transmissivity of
the rock mass surrounding a repository.

5. Rates and locations at which the ground water
system is discrarged and recharged.

*Permeabil ity is sometimes used in the discussion as a synonym for hydraulic
conductivity, although the dimensional distinction is recognized.
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6. Length and direction of potential flow paths
(natural or man-induced) from a repository to the
biosphere.

7. Travel time from a repository to the biosphere
for individual radionuclides.

8. Ground water ages in the vicinity of a repository.

9. Ground water chemistry and its relation to waste
rock interactions.

10. Postulated effects of future climates on ground
water conditions as deduced from paleoclimatology.

Evaluations of numerous ground water flow systems indicate that
hydrologic conditions providing the desired travel times are present in many
areas within the United States (165-167) (see also 1I1.D.5). The principal
hydrologic issue in repository siting is the confirmation that ground water
systems at specific sites are capable of providing the required isolation.
Most ground water calculations rely on the assumption that isotropic inter-
granular flow rather than anisotropic fracture flow is operative (165, 168).
The effects of fracture systems on flow conditions at individual sites must
therefore be assessed in relation to the :ontainment and {isolation capabili-
ties of the site. Many fractures at depth are commonly believed to be tightly
closed because of the stress exerted by the overburden (160); therefore nat-
ural rock stress is also of interest for hydrologic studies.

Because surface water provides a potential link between ground
water and people, the location and characteristics of surface and near-surface
water bodies into which the ground water discharges need to be determined at
individual sites. Surface water must also be evaluated as a potential source
of flooding during repository operation. Available study methods (169, 170)
make it possible to identify places that have not flooded for long periods of
time and are therefore not deemed likely to be flooded while a repository is
in operation.

Potential climatic changes over periods on the order of 10,000
years can alter the hydrologic cycle (171), thus influencing surface water and
ground water characteristics (172). The effe~ts of potential climatic changes
will be analyzed for specific sites.
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In some geologic settings (e.g., evaporite formations), the
capacity of ground water to dissolve the host rock must be assessed. Dissolu-
tion rates have been measured in some locations considered potentially suit-
able for a repository. These measured dissolution rates are not sufficient to
affect long-term containment or isolation (see Appendix B).

11.D.2.3 Tectonic Factors

Tectonic processes could affect existing natural containment
and isolation systems by inducing regional or local deformations in the
Earth's crust. Potentially disruptive changes might result from faulting,
seismic activity, igneous activity, uplift, subsidence, and alterations in
natural stress states. To limit the potential for disruption, repositories
will be sitad so as to ensure low hazards associated with tectonic activity.
Hazards are estimated for each site by analyzing the likelihood and the con-
sequences of a range of tectonic events.

A basic seismic issue in repository siting is the safety of
personnel during the operation of the facility. Accordingly, the primary con-
cern is not about long-term radiological effects but about proper mine and
surface facility designs that minimize hazards from structural failures should
an earthquake occur. Available information suggests that vibratory motion
from earthquakes is lower at repository depths than at the Earth's surface
(173-176), indicating that surface structures are more likely to be disturbed
by earthquakes than the underground repository itself. Many mines currently
operate in high seismic risk zones and are even developed directly along
potentially active fault zones (177-180)

After the repository has been closed and sealed, the effects of
ground motion on the natural containment and isolation system are expected to
be minimal. A1l natural settings are already adjusted to the seismic environ-
ment, having attained adjustment over geologic time, during which many earth-
quakes of all expectable magnitudes for the region have occurred. The poten-
tial effects of natural ground motion on the artificial, thermally stressed
near field will be mitigated by appropriate conservative design features in
the repository relative to expected mechanical behavior regardless of natural
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ground motion. The effects of fault zones on the hydrolooic system are not
seismic concerns; they will be addressed for each site as existing structural
features of the hydrologic and geologic systems.

The hazards of igneous activity also must be evaluated for
potential sites. However, they are not an issue of concern in most of the
conterminous United States, even over extended periods of time (181). In
areas known to contain centers of Quaternary igneous activity, work is under
way to evaluate the hazards associated with its potential recurrence
(182-184). Given the vast areas of the country not likely to experience
igneous activity, including locally inactive areas in broader, generally
active regions, it is feasible and prudent to select repository sites that
have extremely low hazards from igneous activity.

Broad uplift and subsidence of the Earth's crust (epeirogeny)
are tectonic phenomena that must also be evaluated generally in terms of their
potential effects on erosion. Denudation, or the regional lowering of the
land's surface by erosion, is not a threat to waste containment or isolation
in a deep repository. With the exception of rugged mountainous terrain, maxi-
mum denudation rates are only millimeters per century (185), and are incapable
of breaching a repository that is 500 to 1,000 meters deep during the time
period of concern. The rate of concentrated erosional incision along rivers
may approach a rate of a few millimeters per year (180), but such high rates
require concurrent tectonic uplift. Lateral erosion can strip hundreds of
meters of rock from the surface at rates approaching a ceatimeter per year
(186-187), again only if tectonic processes are active. The potential for
vertical incision and lateral erosion will be evaluated for each site to
ensure that threatening rates will not be possible at repository locations.
In regions where these rates can occur, the distance to a repository from
major rivers and steep scarps will be sufficient to preclude a breaching of
the system by erosion.

11.D.2.4 Resource Factors

Natural resources occur wherever natural minerals, energy
resources, or water-bearing units are sufficiently concentrated for commercial
exploitation. Current resource grades are base  .n demand and the technical
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feasibility of extraction. In regard to repository siting, there are two con-
cerns about natural resources:

1. The presence and long-term performance require-
ments of the repository should not preclude the
extraction of significant quantities of economi-
cally useful mineral deposits or energy resources
now or in the future.

2. The concentrations of any minerals cor energy
resources should be sufficiently low to minimize
the chance that future generations might inadver-
tently breach the repository system through
exploratory drilling, mining, etc.

These concerns are addressed by evaluating the geochemical characteristics of
potential sites to determine whether unacceptable concentrations of metals,
nonmetallic minerals, hydrocarbons, geothermal energy, potable water, or other
potential resources e ist in the vicinity of the site. Unique properties of
the subsurface that allow the storage of materials other than radioactive
wastes may also be considered a natural resource. If inadvertent breaching
does occur, the system must be adequate to satisfy Objectives 1 and 2 (II.A).

11.D.3 Requirements for Natural Systems

The preceding discussion has outlined the factors of the
natural system that must be considered and integrated during site selection
and evaluation. This section presents the requirements for natural systems
that are applied during the repository siting program (see III.C).

The followino requirements are summarized from the "NWTS Cri-
teria for the Geologic Disposal of Nuclear Wastes" (188), which are presently
being circulated for review and comment. These requirements are bei~g used by
the Department to guide its research and development activities until such
time as formal licensing criteria are adopted by the Nuclear Regulatory Com-
mission and the Environmental Protection Agency. The purpose of the Depart-
ment's rcoquirements is to ensure that the factors necessary for adequate per-
formance ¢€ the natural system are considered and evaluated during the site
selection und evaluation process. Other organizations (189-192) have proposed
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similar criteria that are generally consistent with those listed below.

More

quantitative criteria will be developed for each study location to guide site-
specific decisions on suitability. (See also II.A.)

1.

ro
.

The repository site shall be located in a geo-

Togic environment with geometry adequate for

repository placement.

a.

The mirimum depth of the repository horizon
should be such that credible natural proc-
esses acting at the surface will not unaccept-
ably affect repository performance.

The thickness of host rock units at the
repository horizon should be sufficient to
accommodate repository workings and to ensure
that impacts induced by repository construc-
tion or waste emplacement will not unaccept-
ably affect repository performance.

The lateral extent of host rock units at the
repository horizon should be sufficient to
accommodate repository workings and to ensure
that impacts induced by repository construc-
tion or waste emplacement will not unaccept-
ably affect repository performance.

The repository site shall have geologic charac-

teristics compatible with waste isoTation.

a.

The repository site should have a strati-
graphic setting that can be sufficiently
defined to permit modeling of the repository
system.

The repository site should include host rock
units that can be shown to be compatible with
the anticipated chemical, thermal, and radia-
tion stresses involved in waste/rock interac-
tions.

The repository site should be so located that
the development of disposal areas can be
accomplished without undue hazard to reposi-
tory personnel.
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3.

The repository site shall have subsurface hydro-

1ogic and geochemical characteristics compatible
with waste isolation.

a. The repository site should have a hydrologic
and geochemical regime that will prevent
radionuclides from leaving the repository and
being transported to the biosphere in amounts
or levels above the regulatory limits that
will be established for the protection of
public health and safety.

b. The repository site should have a hydrologic
regime that will allow the construction of
repository shafts and the maintenance of
shaft liners and seals by state-of-the-art
means.

c. The repository site should be so located that
subsurface rock dissolution, occurring or
likely to occur, can be shown to have no
unacceptable impact on repository performance.

The repository site shall be so located that the

surficial hydrologic system, both during antici-

pated climatic cycles and during extreme natural
phenomena, will not cause unacceptable adverse
impact on repository performance.

a. The repository shall be so located that
nearby surface water bodies, embayments,
streams, flood plains, runoff, or drainage
under present or future climate conditions
can be shown to have no unacceptable impact
on repository performance.

The repository site shall be so located that

credible tectonic events can be shown to cause no

unacceptable reduction in repository performance.

a, The ground motion induced by the maximum
credible earthquake should not wunacceptably
affect repository performance.

b. The geologic characterization of the site
should search for Quaternary faults; if any
Quaternary faults are identified, they must
be shown to have no unacceptable impact on
repository performance.
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c. The geologic characterization of the site
should search for centers of Quaternary igne-
ous activity; if any such centers are identi-
fied, they must be shown to have no unaccept-
able impact on repository performance.

d. Long-term continuing uplift or subsidence
rates must be shown to have no unacceptable
impact on repository performance.

6. The repository site shall be so located that
|iEe|1dooa or consequences of past or future

human intrusion will cause no unacceptable
adverse impact on repository performance.

a. The repository site shall be so located that
future intrusion due to the presence of
economically exploitable resources would not
cause an unacceptable impact on repository
performance.

b. The repository site shall be so located that
the resource exploration history of the site
can be defined and can be shown to have no
unacceptable impact on repository performance.

The preceding requirements are primarily concerned with the
characteristics of the hydrogeologic system. In choosing a site for
tory, there are other concerns about the suitability of the area.

summarized below:

1.

The repository site and its surrounding area
shall possess surface characteristics that are
compatible with waste disposal.

The repository site shall have characteristics
that tend to minimize the risk to the popula-
tion from potential radiation expcsure.

The repository site shall be located with due
consideration to potential environmental
impacts, present land-use conflicts, and ambi-
ent environmental conditions.

The repository shall be sited with considera-
tion to the social, political, and economic
impacts on communities affected by the reposi-

tory.
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11.0.4 Investigative Methods

This section rrviews the investigative methuds for evaluating
natural systems in terms of the factors to be considered and requirements for
siting discussed in Sections I11.D.2 and I1I1.D.3. The status of knowledge
obtained by the applied use of the various investigative techniques by current
exploratory programs is described in Section I1I1.D.1 (see Chapters II.E and
[1.F regarding the use of information about natural systems in design and per-
formance analyses, respectively). Table II-10 suggests how the various inves-
tigative methods may be integrated into an exploration program; it also indi-
cates the screening phase at which the various methods may be used. The
information flow by which th2 data about the natural system are compiled,
interpreted, and evaluated in terms of repository performance is shown in
Figure II-11.

I1.D.4.1 Geologic Studies

Geologic studies include 1literature surveys, field mapping,
analyses of subsurface data, and laboratory analyses of drill-core and other
rock samples. Available maps and reports, as well as remote-sensing imagery
and geophysical data for a particular region are reviewed for information on
rock types, thicknesses, depths, geome'ric configurations, rock properties,
geologic structures, seismicity, tectonic history, and mineral resources.

General geologic conditions in the United States are well known
and have been extensively aescribed (131-133). Geologic data have been col-
lected and analyzed from the time of early expeditions--for example, the
1870's expetitions of the U.S. Geological Survey and early State Geological
Surveys (193-198). Exploration for mineral resources--notably oil, gas, coal,
and metals--by private industry provides much additional information about
sub-surface geologic conditions, in many instances to depths approaching
10,000 m (199). The construction of nuclear reactors, which must meet string-
ent licensing requirements, has resulted in detailed geologic evaluations of
areas in the Eastern, Midwestern, and Far Western United States (200-202).
Moreover, various universities have developed as centers of detailed cezlogic
information on specific subjects.
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Table I1-10. Integration and Phasing of Investigative Methods
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The accumulated knowledge is sufficient to identify .reas in
the United States that meet many of the requirements (11.0.3) for radioactive-
waste repositories. In addition, the previous geological work has resulted in
the evolution cf a broad suite of investigative techniques that, when selec-
tively used in conjunction, allow highly accurate characterization of the geo-
logic setting of any chosen area. The knowledge that must still be gathered
pertains to site-specific factors, and the techniques for gathering it are
presently available (203, 204). This section describes some of the various
techniques being used by ongoing repository exploration programs (II.D.5) to
obtain the needed data.

As exploration efforts focus on a site, fielu mapping is under-
taken to compile or augment available maps of stratigraphic, s.ructural, geo-
morphic, and tectonic features. Although field mapping is conductea according
to highly individual techniques, a standard practice is to record field obser-
vations and supporting data on aerial photographs and/or topographic base maps
(205). Data provided by remote sensing, geophysical surveys, subsurface bor-
ings, and sample analyses are an integral part of the information set on which
the geologist draws. In a subjective rrocess, geologic information is
analyzed in terms of multiple working hypotheses until it yields a "picture"
of the relationships among all the geologic variables (185, 195, 206). Based
on the geographic density of the data collection points, reasonable bounds can
be established for interpretations of geologic conditions. As more data
become available, the "picture" comes into ever sharper focus. Continuous
peer review is essential; it serves not only to evaluate conclusions but also,
and perhaps more importantly, to guide the geologist responsible for deter-
mining the character and the condition of unseen rocks.

The geologic characterization of a site is approached by a
series of approximations. Drilling is important for testing previous approxi-
mations and supplying additional data for subsequent refined hypotheses.
Borehole cuttings and cores allow direct observation of materials from select-
ed sampling points below the surface of the ground. Holes are drilled in
locations determined as having the greatest potential for resolving uncertain-
ties. A few appropriately located holes can yield sufficient subsurface data
to allow an accurate interpretation of the three-dimc.sional nature of rock
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conditions throughout an area on the order of tens of square kilometers. The
holes are cored, logged, and tested as appropriate.

Cores are supplied for laboratory analyses of such physical
properties as mineral composition, chemical characteristics, porosity, and
thermal-mechanical properties. Selected core and field samples are dated by
isotopic methods (207, 208) to help determine the history of geologic proc-
esses, including fault ruptures, volcanic eruptions, and diapirism.

If required, seismic monitoring nets are deployed around poten-
tial sites to provide data for assessing ground-motion hazards. These data
may be supplemented by geologic and geomorphic mapping to provide a determi-
nistic basis for the analysis of seismic hazards. The mapping of stream
gradients, terraces, hillslope gradients, and drainage patterns also supplies
data for estimating uplift, subsidence, the effects of climatic changes, and
tectonic history.

Fracture analysis of surface outcrops and drill cores is per-
formed to help estimate the likely density and geometry of fracture systems at
the depths of interest. Such systems can only be statistically sampled, and
rosette diagrams are commonly used to show the orientation of fractures
(160). Histograms of the number of fractures as a function of depth are a
neans for showing frequency, density, and condition of fractures (209, 210).
Because not all fractures are capable of transmitting fluids in significant
amounts (211-214), apertures and secondary filling minerals are sampled, anal-
yzed, and perhaps dated to characterize fluid migration capabilities and
history.

In general, geologic studies are the mechanism by which all
available data about the subsurface environment are synthesized and coordi-
nated to assess whether the stratigraphic and structural settings of a pro-
posed site are suitable for a waste repository. Remote sensing and geo-
physical studies, discussed next, are conducted primarily to support this
activity. Geologic interpretations are the basis for defining models by which
the hydrologic, geologic, geochemical, thermal, and mechanical characteristics
of a repository are assessed (see Figure II-11).
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11.D.4.2 Airborne Remote Sensing

Airborne remote sensing is performed by various techniques,
ranging from aerial photography to sateilite imagery, that all result in a
directly created or a computer-generated image of a particular geographic area
of the earth's surface. It is used at all phases of the siting program but is
particularly valuable in the early regional studies because it yields Tlarge
amounts of reconnaissance data in short periods of time (215). Regardless of
the size of the region being investigated, remote sensing, in conjunction with
field reconnaissance for checking interpretations, is an excellent tool for
establishing, compiling, and mapping a data base for the natural setting.
Remote sensing imagery for many regions is available and can be readily
obtained.

Aerial photography is the most widely used form of remote
sensing imagery and is used for compiling topographic maps and for construct-
ing detailed thematic site maps (216, 217). It uniquely reveals many surfi-
cial geologic features and is commonly used to identify anc map landforms,
rock types, unconsolidated surficial deposits and soils, geologic structures,
and surface drainage patterns. Specifically, it may indicate the orientation
of stratified rocks; the type of surface rocks; contacts between different
rock types; the locations of ignecous intrusives, salt domes, structural domes,
arches, and other folds; the location and orientation of faults, fractures, or
joint systems; and karst terr.in (e.g., cave systems), breccia pipes, and
other surface manifestations of dissolution. Surface water bodies, vegetation
assemblages, and man-made features such as petroleum or water well fields,
irrigation facilities, and archaeological sites are visible on many aerial
photographs.

Color infrared photography is especially useful for differenti-
ating many features related to subtle differences in soils, moisture content,
small-scale topography, and rock type (218). Thermal and color infrared
photography can indicate the presence of near-surface cavities or linear open-
ings, which influence the amount of moisture at or near the surface (219).
Infrared imagery is also used to detect such geothermal features as hot
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springs which may indicate potential volcanic activity (220). Mineralized
zones with economic potential may sometimes be discerned from remote sensing
imagery (221).

Computer processing of airoorne or satellite spectral data
allows rapid classification of vegetation patterns and certain ger'-,.c fea-
tures (222, 223). Analysis of spectral imagery obtained at th. same place at
different times exploits the fact that annual and diurnal hesting and cooling
and seasonal changes in vegetation cause temporal differinces between rock
surfaces which can be resolved by spectral scanners (224, 22%).

Where the Earth's surface is largely obscured by persistent
cloud cover, side-looking airborne radar imagery (SLAR) can give a reasonable
representation of surface features (226).

[1.0.4.3 Geophysical Surveys

Geophysical surveys are an integral part of site selection and
characterization studies. Many of the geophysical techniques utilized by the
petroleum and mineral industries have been applied tc the search for geologic
reposituries. The broad categories of exploration geophysics summarized in
this subsection are gravity, magnetic, electrical, and seismic methods. In
addition, well logging and borehole geophysics will be discussed.

Geophysical methods can be broadly divided into passive tech-
niques, which measure existing <earth fields, and active techniques, which
measure the earth's response to an applied stimulus. Gravity, magnetic, and
some electrical surveys are passive methods; seismic rerlection and electrical
resistivity are examples of active techniques. Passive exploration methods
are particularly applicable to reconnaissance exploration because they cover
large areas fairly rapidly and cost less than active techniques.

Both graviity and magnetic techniques have similar mathematical
foundations in potential field theory but measure different physical prop-
erties of the earth and use different field methods. Gravity surveys detect
small variations in the Carth's gravity field (227). The variations of prin-
cipal interest to repository siting result from lateral variations in subsur-
face rock density. These density variations may result from deformed strata,
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faults, igneous intrusives, diapirs, breccia pipes, or lithologic changes.
Topography, elevation, geographic position on the earth, and earth tides also
affect gravity values and must be accointed for in determining the portion
(anomaly) of the gravity measurement that is due to subsurface effects. The
maximum practical precision for field gravity measurements is about 0.01 mil-
ligal, or approximately 10'8 of the earth's total field. This precision
requires that the elevation be determined to an accuracy of about 5 cm at each
gravity station. Aerial gravity surveys have a much lower precision (approxi-
mately 5 miliigals) and are useful only in delineating gross crustal structure
(228).

Magnetic methods detect variations in the Earth's magnetic
field (227). Magnetic field values vary with the geodetic location and may
vary at a given location with time. The magnetic variations (anomalies) of
interest to site studies are due to lateral changes in mineral content (espe-
cially magnetite) or to variations in the remnant magnetism of igneous rocks.
Subsurface structures like anticlines or faults, can be detected if thay
result in lateral changes of the above properties (229). Measurements can be
obtained in terms of the {otal magnetic intensity, vertical gradients, or
oriented (horizontal and vertical) components of total intensity. The practi-
cal precision for state-of-the-art aeromagnetic surveys is about 0.1 gauss, or
1076 of the Earth's field. Magnetic surveys are most commonly made from
Tow-flying aircraft, although surveys of limited extent over selected targets
of interest can be made at the ground.

Both gravity and magnetics inherently yield nonunique interpre-
tations. However, limits on the allowable interpretations are usually pro-
vided by measured rock densities, magnetic susceptibilities, general depth to
the causative structures, or seismic profiles from the area of th> survey.
When sufficient ancillary data are available, interpretations of grav.ty and
magnetic surveys can provide valuable information about regional and ‘ocal
subsurface geology. As a generalization, features can be interpreted if . hey
have dimensions of 1% to 10% of thzir depth of burial (230).

A variety of electrical methods (227, 231) is used in geophysi-
cal exploration; all depend upon detecting variations in the <lectrical re-
sistivity of the media through which a current flows. Subsucface resistivity
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is highly variable and strongly influenced by the amount and the nature of
fluids in the rocks. For this reason, such hydrologic features as dissolution
of salt, ground water tables, and porosity variations are particularly amen-
able to electrical prospecting methods. Geologic structures also can be
indirectly detected by their effect on ground water.

Electrical resistivity surveys are conducted by generating a
current in the ground between two electrodes and then using two other elec-
trodes to measure the distribution of potentials (voltages). Different elec-
trode configurations and spacings are used to detect lateral and vertical
changes in resistivity for selected target depths. The measured variations
are analyzed to establish probable cause. Induced polarization techniques
measure the buildup or decay of induced voltages when the current is cycled
on-off or alternated. Electromagnetic methods measure the electromagnetic
field resulting from currents induced by an externally applied electromagnetic
field. Electromagnetic surveys can be conducted from low-flying aircraft as
well as on the ground and are therefore sometimes used in reconnaissance sur-
veys. The Earth also exhibits spontaneous or natural voltages that can be
measured and interpreted to investigate subsurface conditions and structure.
These voltage variations may result from differences in fluid properties, the
flow of ground water, mineralization, and chemical interactions. Telluric
currents are sometimes used to investigate large-scale crustal features ard
Tithologic variations.

Seismic explioration methods are perhaps the most useful geo-
physical tools for obtaining accurate representations of the subsurface
geology at individual sites (227, 232, 233). They rely on the reflection or
refraction of seismic (acoustic) signals due to contrasts in velocity or
acoustic impedance (the product of seismic velocity and rock density).
Acoustic signals are usually introduced into the earth by explosive sources,
and vibrating or impacting masses. Seismic reflection surveys are particu-
larly useful in mapping the attitude and continuity (or lack thereof) of sub-
surface rock beds. Detailed analyses of seismic reflection data have detected
lateral variations in acoustic properties within individual beds and indirect-
ly inferred the presence or the absence of hydrocarbons. Such field parameters
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as type, intensity, and frequency of the energy source and geophone spacing
and filtering as well as data reduction methods are selected for individual
surveys based on the depths, dimensions, and local conditions of the features
of interest. In the petroleum industry, these parameters are often defined to
provide information from depths of more than 1,000 meters (233). Special
field parameters and techniques (high-resolution seismic) are available to
explore accurately the shallower depths of interest for repositories. Seismic
refraction is used less extensively than reflection, but it has application in
evaluating near-surface features and crustal structure, as well as in estab-
lishing velocity profiles as a function of depth to aid in the design of local
reflection surveys.

Geophysical logs in well bores are a powerful tool for corre-
lating and interpreting subsurface geologic conditions, including the condi-
tion and fluid content of subsurface rocks (227). They supplement cores and
rock samples and furnish a vertically continuous record of certain physical
properties for each borehole. Many types of logs are used. Focused resistiv-
ity logs provide a reliable measure of in situ rock and fluid characteris-
tics. Microresistivity logs measure the properties of small volumes of rock
just behind the borehole wall and thus permit the boundaries of perm¢able and/
or electrically resistive formations to be sharply defined. Gammi-ray logs
indicate the clay content of various formations and are valuable in making
lithologic interpretations in clastic rock sequences. Neutron logs wre useful
for identifying porous rock strata and rock densities. These logs respond
mainly to the hydrcgen content of the formation and indicate the presence of
water, oil, or hydrogen-bearing minerals. Acoustic logs measure the veloci-.y
of sound and can also help determine the porosity of a formation. Other log-
ging methods are available to supplement those listed above.

Improved borehole geophysics surveying methods are currently
being developed whereby electrical, ultrasonic, or radar energy is generated
by a downhole instrument, and the response is observed either at the surface
or at depth in a nearby hole (234, 235). Preliminary results for special
cases demonstrate a capability to resolve features measured in centimeters at
distances of hundreds of meters and features measured in meters at distances
of kilometers (230). Small features that perturb the movement of energy
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through the rock mass are identified by comparing the observed response to
that expected if no perturbations were present. These methods have potential
for improving the capability to resolve <mall features in the vicinity of a
drill hole.

In summary, a wide variety of geophysical techniques is avail-
anle for site selection and characterization. The selection and application
of appropriate techniques depend on the geologic setting and the particular
geologic problem being addressed. Interpretations of the resulting data are
often difficult and are best made in conjunction with other geophysical sur-
veys. Geophysical data must always be evaluated in light of existing geologic
knowledge. However, geophysical surveys are a well established part of ex-
ploration prospecting, and proper evaluation can provide extensive information
about subsurface geologic conditions. Such surveys are especia'ly valuable in
repository investigations because they permit investigation of subsurface con-
ditions without extensive drilling.

11.0.4.4 Hydrologic Studies

The role of hydrologic studies in site exploration can be
separated into three overlapping areas: (i) two-dimensional characterization
of the surface and ground water systems for the region or hydrologic basin in
which the site is located, (ii) three-dimensional characterization of ground
water conditions at candidate sites, and (iii) computer analysis of the poten-
tial effects of the repository, the climate, or other perturbations on the

ground water system.
It is necessary to determine whether ground water in the region

of a site is static or flowing. If it is flowing, the direction and rate need
to be determined. Ground water flows along a hydraulic gradient from regions
of high to low hydraulic head (236). The flow rate generally can be deter-
mined provided the hydraulic gradient, effective porosity, and permeability
can be measured at appropriate locations in the area of interest.

For unconfined ground water, the hydraulic gradient can be
determined by mapping the distribution of hydraulic head (the potentiometric
surface) as indicated by static water levels in wells and the elevation of
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perennial surface water bodies. In confined aquifers, the potentiometric sur-
face must be determined by isolating aquifer intervals in wells and measuring
either the hydrostatic pressure or the level to which water rises naturally
(237, 238). Often, but not always, the unconfined static water table gives a
reasonable approximation of the potentiometric surface of underlying aquifers.

Permeability, effective porosity, an* rock compressibility can
be determined by pump or injection tests in wells ' the depth intervals of
interest. Hyaraulic properties are routinely measured for laboratory speci-
mens of core or other rock samples obtained from the site (239). Using ap-
propriately spacad wells, hydraulic communication between them can be estab-
lished during pump or injection tests (236) to provide reliable calculations
of in situ ground water velocities. If such tracers as tritium or fluorescent
dyes are injected into upgradient wells, the timed appearance of the tracers
in downgradient wells can be used to determine effective porosity and thus in
situ velecities. Artificial gradients are usually established by pumping to
draw water levels down or injecting water under pressure because natural
ground water velocities are so low in many instances that the migration of a
tracer to an observation well would require a prohibitively long time (as long
as a year or ;ne),

The isotopic dating of ground water (240-244) provides an
alternative reference for evaluating calculated velocities. Water can be
sampled for dating from selected discharge poini: and well locations through-
out the ground water basin considered likely to be influenced by a reposi-
tory. Differences in water ages among sampling points are used to calculate
natural velocities. Careful analysis of these dates, with due consideration
of the "age contamination" that can result from the mixing of waters of dif-
ferent ages (244), allows a general assessment of ground water residence times
throughout a basin.

The identification and analysis of hvdrologic conditions in
nearly impermeable rocks is necessary to establish the degree of impermeabil-
ity possessed by the host rock unit (245). Pulse injection tests aid in
determining permeability in low-permeability rocks (245). Moreover, pressure
decay curves for gases pressurized at selected borehole intervals can be used
to calculate the permeability of the very tight rocks expected at repository
horizons. Although present measurement techniques for hydraulic conductivity
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in nearly impermeable rocks may be in error by up to a few orders of magnitude
(244), even the higher, most conservative values indicate that water moves
extremely slowly in these rocks. Site-specific in situ testing may be re-
quired to narrow the bounds for estimates of in situ host rock permeabilities.

For rocks that possess a natural fracture system (e.g., gran-
ite, basalts, some shales, limestones, sandstones) the determination of near-
field flow mechanisms is also evolving. Because fracture networks are not
random, their nature and orientation within the system will be statistically
determined. Methods designed to assess fracture effects on hydrologic flow
are currently being developed at the Nevada Test Site (247), the Stripa mine
in Sweden (212), and the Los Medanos site in New Mexico (248). The direct
determination of hydrologic parameters in fracture networks includes conven-
tional pump testing with multiple-point piezometers, tracer studies, and
radioactive flow meter tests performed in wells or subsurface facili.ies con-
structed at the repository site or in rock bodies that provide a close analog
of site conditions. Information about potential natural ground water communi-
cation between aquifers via faults, fracture systems, breccia pipes, and other
structural elements that may influence the hydrology of the site is also eval-
uated by field studies and hydraulic tests.

Water influx at mines in crystalline rocks is a well-known
phenomenon. However, where permeabilities ars very low, mine ventilation com-
monly evaporates and removes most, if not all, ot this water (212). Thus, the
mines are usually "dry," although a small amount >f water may continually flow
into them. By sealing a room with airtight bulkheads and circulating control-
led quantities of warm air, the amount of seepage water can be determined by
measuring the humidity and mass of the circulating air. Data on fluid gradi-
ents around the sealed off chamber permit calculations of nearby rock perme-
abilities. Such an experiment, believed to be the first ever conducted, is
being perforned at the Stripa mine in Sweden (212, 249). (See also I1.F.2.2.)

Data from hydrologic testing are combined with geologic inter-
pretations of a site and its region to analyze the hydrologic flow system
(I1.F.1) (Figure II-11). A detailed three-dimensional model of the near
field, including fracture-flow conditions as required, is then integrated with
thermal-mechanical models to calculate the near field disposition of the
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wastes should they escape containment. The near-field models determine the
source terms for regional two-dimensional flow models of a subject hydrologic
basin. These regional models are used to calculate the isolation potential of
the far-field natural system. Retardation mechanisms (e.g., sorption, precip-
itation and diffusion into the rock matrix) and radioactive decay chains for
the radionuclides will be factored into both near ard far-field models of the
isolation system. Conservative assumptions regarding potential changes in the
hydrologic system that may be caused by climatic and tectonic changes will be
used to develop scenarios for modifying models of present ground water flow
tonditions and calculating the effects of the assumed changes.

The potential for climatic changes and the attendant effects on
the hydrologic regime at each site are evaluated. Palynology (study of fossil
spores, pollen, and seeds) provides data concerning the past distribution of
floral assemblages (171, 250, 251). By establishing the present relationship
between climate and vegetation patterns, one can estimate past climates from
the character and distribution of past vegetation. In unconfined ground water
systems, the effects of ancient water tables on minerals may be preserved,
providing a means for determining past water levels. The effects of climatic
changes on the hydrologic system are complex. The hydraulic gradient is
dependent on the mass balance between recharge and discharge (236). If
recharge increates--for example, during a pluvial episode--hydraulic gradients
and water levels may or may not change, depending on the ease with which the
flow system can tiransmit the perturbation to discharge regions.

[n summary, hydrologic studies represent the point at which all
data on the natural system are integrated to assess by numerical models the
ability of the natural system to provide the required isolation. Numerous
hydrologic field data and test results are required. The techniques for
obtaining most of them are currently available; others, including improve.
techniques for ground water dating, fracture-flow modeling, and permeability
determinations for low permeability rocks, need development (203, 242, 244,
245). Hydrologic models combined with geochemical studies are used to esti-
mate the likely composition and concentration of any and all radionuclides at
any given point and time relative to a site's regional aquifer system (see
I1.F.2). When applied, they assist in determining whether a mined geologic
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repository at a particular location can provide the required isolation
(I1.A.1, Objective 2). Although the development of a detailed, accurate
hydrologic model for each site will require considecable time, bounding
assumptions about hydrologic parameters can be applied during the screening
process to assess the general quality of hydrologic systems and to identify
areas requiring better definition.

11.D.4.5 Laboratory and Field Testing

The thermal properties of potential host rocks are measured in
the laboratory by accepted methods (150, 151). Standard-sized cylindrical
specimens are subjected to a controlled thermal power source at one end;
increasing temperatures and dimensions are measured either along the axes or
along the outside lengths of the specimens. The results are used to calculate
volumetric expansion cow.i.Cients and thermal conductivity. The specific heat
of a rock is determined by standard calorimetry (150).

Mechanical properties of potential host rocks are also measured
in the laboratory by standard techniques and apparatus (151); the results are
used in preliminary models of the repository's response and to help determine
which properties require better definition by field testing (158). The com-
pressive strengths of potential host rocks are determined in accordance with
well-accepted methods by observing which states of stress and temperature
cause fracturing. Both uniaxial and triaxial compressive tests are used.
After the critical strength is determined, tests are run that gradually
increase stress to just below the rupture point and then gradually release the
stress to original conditions in order to observe whether permanent deforma-
tion will occur in slowly pulsed stress environments below the critical
strength (252). Standard tests are also performed to determine the tensile
strength of rocks, although it is generally conceded that large, fractured
rock bodies have a very low tensile strength.

Rocks that exhibit significant creep behavior within the tem-
perature ranges expected in radioactive waste repositories are tested in tri-
axial testing machines that measure creep deformation at various combinations
of stress state and confining pressures (152, 162). Measurements are made
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over periods of up to several months, and both primary and secondary, if
exhibited, creep behavior is observed.

Synergistic effects between thermal and mechanical proparties
are determined for laboratory samples by obtaining, for example, hysteresis
data on mechanical response as a function of rock temperature or obtaining
thermal conductivity data as a function of lithostatic stress. The effects of
the rock's fluid content on specific heat, critical stress, and thermal con-
ductivity are also being investigated.

In measuring sorption capacity, water doped with radionuclides
is passed through a rock and the amounts of radionuclides in the rock and the
water are measured by radiography (scintillation counts) and, if possible, by
chemical separation. Transient and batch methods for determining sorption are
currently being standardized (147). Techniques are also being developed for
pinpointing mineralogic and molecular affinities for sorbed radionuclides,
allowing a better understanding of the materials and mechanisms responsible
for the sorption process.

Because questions arise (211, 244, 253-255) regarding the
validity of using thermal, mechanical, and sorption data obtained at labora-
tory scales (generally measured in centimeters) to predict behavior in a com-
plex, heterogeneous, and probably anisotropic environment, the Department has
a research program for conducting field determinations of thermal, mechanical,
and chemical behavior under expected repository conditions. Tests performed
to date are more fully addressed in Section II.F.l; only the general methods
for obtaining data from these tests are discussed here. Data from field tests
can be a very useful in supporting professional judgments about model results
in particular and the suitability of repository sites in general.

Field tests, whether near the surface, in existing mines, or in
newly constructed mined cavities, generally involve single or muitiple heat-
sources, emplaced in drill holes, and measuring instruments in an array sur-
rounding the heat source. Heat can be generated by electric heaters or spent-
fuel assemblies. Heaters used to date have operated at power inputs ranging
from about 1 kW to 5 kW, simulating spent fuel 1less than 10 years old
(see II.F.1).
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Instrumentation arrays are designed to monitor heated tempera-
ture, rock deformation, and, in some tests, water content, chemistry, and rock
stress as functions of time and distance from the heat source. If spent fuel
is used as the heat source, radiation may also be monitored. Temperatures are
measured as a function of time by thermocouples deployed on the surface of the
heater, at the rock wall of the emplacement hole, and in separate monitoring
holes at various distances from the heat source. Rock deformation from ther-
mal expansion is monitored by extensometers (256-258). These devices measure
siight changes in length, across a distance of meters, by a variety of tech-
niques. As with thermocouple data, extensometer measurements are telemetered
to a computer that provides a three-dimensional representation of rock defor-
mation &s a function of time. In addition to the more common linear trans-
ducer and vibrating wire strain meters, laser interferometry (247) is a devel-
oping means for detecting the minute displacements expected in field heater
tests. Precisely surveyed .aser sources and reflection mirrors allow inter-
ference patterns from the siurce and reflected Tight to be observed and
displacements calculated.

Water content, gas generation, and chemical properties around a
heat source are monitored with humidity gages, pressure gages, pH meters, and
moisture and gas traps (212, 247, 248). Seepage, pressure, humidity, and
chemistry along cracks in the rock or in nearby monitoring holes are measured
to determine the effects of thermal loading on the fluid system in the rocks.

Natural rock stress is measured in field tests by overcoring
and flat-jack techniques (151, 211). Overcoring allows stress to be calcu-
lated from comparing shapes of the core before and after stress is released by
removing of the core from the subsurface. Flat-jack techniques utilize a
pressure-sensitive plate inserted into the rock mass to determine the natural,
pretest stresses and to monitor any changes during the propagation of the
thermal pulse during the test. Natural stress can also be measured by
hydraulic fracturing (259), whereby fluids are injected into wells under con-
trolled pressure. The pressure at which sudden pressure drops occur is used
to calculate the minimum principal in situ stress for the depth interval being
tested.
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Determination in the field of the synergistic effects of ther-
mal, mechanical, and fluid behavior is a multivariant problem. Chapter II.F
addresses the rationale of using the results of small-scale laboratory experi-
ments to design field and large-scale laboratory tests whose results are used,
in turn, to design in situ tests at selected repository sites. The current
and evolving measurement capabilities can provide data for constructing and,
in an iterative process, improving models for predicting the response of the
natural system to heat-generating radioactive wastes.

[1.D.4.6 Geologic Forecasting Studies

The field of geologic forecasting is less well developed than
the other topics discussed so far (244, 253, 255). Geologic research has
largely concentrated on characterizing present-day natural processes and
events and on historically reconstructing the distribution, magnitude, and
sequence of past events. However, it is possible to make some general obser-
vations about the methods for investigating future tectonic activity, includ-
ing volcanic eruptions, folding, epeirogeny, fault movements, salt diapirism,
and seismic activity.

Both the 1likelihood and the consequences of changes in the
natural system with regard to containment and isolation need to be estimated.
For natural events, estimates of the likelihood for recurrence are based on
the geologic principle of uniformitarianism, which generally states that the
basic processes responsible for past events are determined by physical and
thermomechanical laws and thus will continue into the future (206, 260). For
this reason, a study of the history of geologic events is utilized to estab-
lish a hypothesis regarding the distribution of causative processes in time
and space and, in turn, projecting the continuation of that distribution into
the future.

Plotting space-time relationships of past events allows a
calculation of past rates and distributions of occurrence for tectonic events
(182, 183, 261, 262). The probabalistic extrapolation of these rates intc the
future must be weighted against deterministic tectonic models such as plate
tectonics to determine whethar observed space-time distributions are likely to
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continue or be modified. The geographic scale for which data are compiled is
of critical importance and needs to be evaluated. In general, for larger
areas consensus is more readily obtained among earth scientists about tectonic
processes. Conversely, averaging probabalistic projections for individual
events over large areas decreases their reliability for a given site. Thus, a
reasoned interpretation of probabilistic and deterministic approaches is
required to assess the likelihood of tectonic events that might disrupt a
repository's natural system. This combination of methods is most developed
for assessing seismic hazards (177, 261-265).

Potentially active faults can be deterministically identified
from geologic, gecphysical, seismic, and natural stress data. Standard earth-
quake-hazard assessment provides probabilistic estimates of expected return
periods at specific sites for ground motions of various magnitudes. These
methods are used in conjunction to help determine appropriate seismic design
requirement. Similar methods are evolving for volcanic and diapiric

phenomena.
The consequences of tectonic events must also be estimated.

Observations of earthquake-related damage, both at surface facilities (266)
and in mine tunnels (173, 176, 267, 268), provide empirical data for substan-
tiating calculations based on the physical response properties of the struc-
tures of interest.

The consequences of such intrusive processes as salt diapirism
and volcanism are estimated by studying the geometry, disruption zones, and
chemical alterations associated with existing intrusions. The movement of
faults, intrusions of material, and tectonic epeirogeny are evaluated also in
terms of their effects on hydrologic systems and erosional processes where
conditions allow current study. The principles gleaned from analog observa-
tions obtained away from repository areas are applied to conditions existing
at potential repository sites. Impacts of faulting, erosion, and intrusion
are estimated parametrically by assuming various event scenarios and analyzing

their effects on the hydrologic flr. models.
In summary, the prediction of tectonic events and their poten-

tial impacts over periods of tens of thousands of years is an advancing ca-
pability. The unique requirements of radioactive waste management have gener-
ated the first demands for applying long-term geologic predictions. However,
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careful selection of repository sites can reduce the 1likelihood of tectoni-
cally induced disruptive events to almost zero, based on an uniformitarian
assumption. The potential impacts of postulated events will be defined by
scenario analysis 1in order to assess their effects on containment and
isolation.

11.0.4.7 Resource Studies

The potential for exploiting mineral, energy, water, and sub-
surface land-use resources both now and in the future will be assessed through-
out the site-selection process. Geologic, geophysical, borehole, and geo-
chemical studies conducted during site exploration and qualification provide
data for evaluating the potential for resource development. The exploration
and ultimate selection of a repository are the converse of seeking an ore body
or an oil field, in that investigations are conducted to locate areas with a
low resource potential. However, the proper resource characterization of the
region is accomplished through the approaches and studies already outlined.
With regard to the long-term potential for resource development, geochemical
data for all elements and compounds can be compared with the average crustal
concentrations. If any characteristic, including thermal gradients, in the
site location significantly exceeds the crustal average, its potential value
to future generations needs to be carefully considered. The consequences of
inadvertent human intrusion into the repository due to resource exploration at

some future time must also be considered (see II1.E.3 for a discussion of
human-intrusion issues).

I1.D.5 Status of Ongoing Exploration Programs

The preceding sections of Chapter II.D have described the
factors of the natural system important in site selection, design, and con-
truction of deep geologic repositories; the requirements that must be satis-
fied by a repository site; and the methods available or being developed for
characterizing ind assessing the natural system,
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This section summarize: the status of geologic investigations
conducted by the Department over the last several years. The site selection
process, described in Section III.C.1, is generally conducted in four steps:
national screening surveys, whose objective is to identify places that have
some potential for waste isolation; regional studies, which evaluate a speci-
fic region of interest; area studies, which are conducted to characterize the
areas of interest described by the regional study; and location studies, which
further narrow the scope of the investigation to a site or sites.

Individual investigations are in various stages of the site
selection process Descriptions are given of the status of current investiga-
tions in (i) the Gulf Interior Regicn Salt Domes, (ii) the Paradox basin,
(iii) the Permian basin, (iv) the Salina basin, (v) basalt flows at the De-
partment's Hanford Site, (vi) the Department's Nevada Test Site, and (vii)
planned future investigations.

Additional information regarding the technical scope and cur-
rent status of the studies described in this section is presented in Appendix
B to this statement. Anpendix R repeats portions of the summary provided in
this section. Many geclogic time periods are referred to by name in this
section; therefore a geologic time scale is presented (Figu-e II-12) to enable
the reader to associate named geologic periods with historical age (269).

i1.n.5.1 Gulf Interior Region Salt Domes

The Gulf Coastal Plain of Texas, Louisiana, and Mississippi,
and adjacent offshore areas contair more than 500 salt domes, 263 of which are
known or suspected to be on land. These interior domes were evaluated in 1963
by the U.S. Geological Survey, and 36 were identified as potentially accept-
able for repository siting (270). The USGS screening criteria were (i) depth
to salt of less than 2,000 ft and (ii) lack of previous use (oil, gas, sulfur,
or brine mining). After the USGS study, the Department, with the participa-
tion of USGS district offices, selected 125 interior domes for detailed
studies which provided important background data f~r current investigations
(271-275).
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Figure 1I-12. Geologic Time Scale

Source: (Reference 269) A. Holmes and L. Holmes, Principles of Physical

Geology, Third Edition, Halsted ’ress, New York, NY, 1978
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Since 1978, interior domes have been evaluated by the Depart-
ment in terms of geologic and other screening specifications (188, 276, 277).
The three criteria that dominated the screening were (i) the top of the domes
should be at depths of less than 915 m, (ii) domes should have cross-sectional
areas of more than 1,000 acres., and {iii) domes should not have been used for
hydrocarbon production or storage, or any other mineral-related activities.
This latect study resulted in the selection of eight salt domes for the "area"
study phase (see Section III.C.1). These domes are distributed among the
States of Louisiana, Mississippi, and Texas as follows: Vacherie and Rayburns
(Louisiana); Richton, Cypress Creek, and Lampton (Mississippi); and Oakwood,
Keechi, and Palestine (Texas). The Palestine dome was dropped from further
consideration in 1979 because of hydrologic uncertainties related to earlier
solution mining (278). Fifteen karst-like collapse structures over the
Palest.ne dome have been attributed to extensive brine production and solution
collapse. Although the solution mining occurred from 1904 to 1937, three
collapses have occurred since, one as recently as 1978.

Investigations under way at the remaining seven domes include
hydrologic studies of the three sedimentary basins in which the domes occur
(Figure II-13) as well as dome-specific geologic and hydrologic studies.
Aquifers are being investigated to depths of 2 km in each basin by borehole
pump tests. Geologic studies include regional and dome-specific field mapping
with emphasis on evaluating Quaternary terraces, remote-sensing data, geo-
physical well logs, and deep seismic data. Understanding of dome locations is
being refined by gravity surveys, high-resolution seismic reflection and
refraction surveys, and borehole evaluations.

Drilling of a total of 34 deep exploratory holes in three
states aggregating 89,189 ft and drilling of additional intermediate-depth and
shallow holes produced no evidence to disqualify any of the remaining seven
domes, although several characteristics need careful evaluation against the
siting criteria. Exploration is proceeding at a variable pace for all seven
domes; only the Lampton dome in Mississippi and the Keechi dome in Texas have
not been explored by drilling or by seismic methods.

Studies of hydrologic stability are centered on determining the
resistance of salt masses to external dissolution. Current evidence suggests
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Figure [1-13. Gulf Interior Region Gulf Coast Salt Domes Recommended
for Further Study by the U.S. Geological Survey
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that salt domes have become, through geologic time, encapsulated in plastic
clays or other impermeable minerals. These layers of impermeable sediments
appear to have prevented the domes from dissolving since their formation 25 to
30 million years ago. Direct evidence for this hypothesis is found in oil
company core samples and in geologic and drilling logs. The degree of con-
tinuity of the encapsulating clay needs to be determined. Preliminary calcu-
lations suggest long tra times for radionuclide nigration to the accessible
biosphere (at least 100,000 years). This is because thick sections of clay
with a very low hydraulic conductivity (permeability) occur around and over
the domes.

With regard to tectonic stability of the domes, studies of
Tertiary and older strata suggest that movement of the salt in the Gulf
interior region ceased perhaps as long as 30 million years ago (272, 279).
Assessments based on the thinning of sediments over the dome show a slow and
declining rate of growth through geologic time, with values in the early
Cenozoic well below 0.2 mm/yr (272). In addition, careful investigations of
the stratification of Quaternary units in Louisiana have revealed no charac-
teristics attributed to dome growth. All of the seven domes being investi-
gated are considered to be tectonically stable. No capable faults* are known
to exist in the vicinity of the domes.

There is minor, and declining, oil production a* the Oakwood
and Cypress Creek domes. All domes have one or more resource exploration
holes that penetrate to the salt. A1l domes have some degree of caprock.

In 1980, two or three domes will be recommended for further
examination in the "location" study phase (see Section III.C.1) of the site
exploration process.

*Capable faults - As defined by the Nuclear Regulatory Commission in 10 CFR
Part 100, Appendix B - "capable fault" is a fault which has exhibited one or
more of the following characteristics: (1) Movement at or near the ground
surface at least once within the past 35,000 years or movement of a recurring
nature within the past 500,000 years; (2) Macro-seismicity instrumentally de-
termined with recorus of sufficient precision to demonstrate a direct rela-
tionship with the fault; (3) A structural relationship to a capable fault ac-
cording to characteristics (1) or (2) of this paragraph such that movement on
one could be reasonably expected to be accompanied by movement on the other.
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[1.D.5.2 Paradox Basin

The Paradox basin in southeastern Utah and southwestern
Colorado is a part of the Colorado Plateaus, an area of high plateaus and
deeply incised canyons. The extensive flat-lying sedimentary rocks are some-
times folded into structural upwarps and occasionally interrupted by Tertiary
volcanoes, volcanic necks, and igneous intrusions. Approximately 12,000
square miles of the Paradox basin are underlain by the bedded salt of the
Paradox Formation, which was deposited about 300 million years ago during
Pennsylvanian time. More than 25 salt layers, separated by interbeds of
shale, carbonates, and anhydrite, are present in some parts of the basin. The
Paradox basin is one of the salt regions identified during a national screen-
ing as having potential for the eventual siting of a waste repository (280).
Evaluation of the basin was begun in 1972 by the U.S. Geological Survey (281).

Existing information on the Paradox basin is not yet sufficient
for assessing the suitability of individual parts of the region for a reposi-
tory. Current investigations are acquiring data on the hydrologic and chemi-
cal characteristics of the ground water flow systems, Quaternary history, and
present-day seismicity for the basin in general and for four particular areas
recommended for further study. These four areas were selected on the basis of
geologic factors (e.g., depth from Earth's surface to salt, thickness of salt,
and location of mapped faults) and environmental screenings (see Figure
[1-14). One of the four areas, Salt Valley, in Grand County, Utah, had been
previously identified by the U.S. Geological Survey (281). The other three
areas, Gibson Dome, Elk Ridge, and Lisbon Valley, are in San Juan County,
Utah. The results of studies now in progress will be used in deciding whether
locations in one or more of the areas will be recommended for further inves-
* jation.

In the near future at least two deep holes, one in the Gibson
Dome area and one in the Elk Ridge area, will be cored, logged, and exten-
sively tested (282). Samples of fluids recovered during testing operations
and samples of cores will be anaiyzed at the site and in the laboratory for
water content of salt, mineral composition, kerogen and hydrocarbon content,
and hydrology. A seismic retlection line is planned at Elk Ridge. Surface

IT - 109




.
77N~ LISBON
VALLEY

MONTICELLO
!
|

|

COLORADO

UTAH ARIZONA
| /

STUDY
REGION

qii;I 0 10 20 30 40 50

D e T S——

(AR MILES
LOCATION MA? N

Figure I1-14. Areas of the Paradox Basin Identified
for Further Evaluation

Source: ékeference 281) R.J. Hite and S.W. Lohman, Geologic A raisal of
radox Basin Salt Deposits for Waste Emplacement, bpen y'”e Report

a
4339-6, U.S. Geo'log!ca% Survey, 1973

IT - 110




electromagnetic surveys will be conducted at Gibson Dome and Elk Ridge. Hole-
to-surface electrical resistivity surveys will be run in the vicinity of the
planned deep drill holes. Data collected over a period of 6 months by a
24-station microseismic network are being analyzed.

Area-level f’eld investigations for Lisbon Valley will be much
less extensive than tho'e in the other three areas, because of the large
amount of amassed earlirr information for mining activities in this area. The
potentially unfavorable characteristics of this area include the near proxim-
ity of a producing oil field and extensive uranium deposits and exploration
(283). Moreover, the area is more geologically complex than the Gibson Dome
and Elk Ridge areas but probably less complex than the Salt Valley area (284).

Preliminary results from investigations conducted to date indi-
cate that bedded salt layers of sufficient volume are present at suitable
depths in the Paradox basin. Historically, many earthquakes with Richter
magnitudes exceeding 1.0 have cccurred within 200 mile from the basin, but
only 17 were in the basin itself. The largest had a Richter magnitude of 4.3
and was located near the basin margin. Potential resource-conflict and ground
water flow system evaluations are in progress.

11.0.9.3 Permian Basin

The Permian basin is a series of sedimentary basins in which
rock salt and associated salts accumulated during Permian time more than 200
million years ago. It includes the western parts of Kansas, Cklahoma, and
Texas and the eastern parts of Colorado and New Mexico. Since Permian time
the basin has been relatively stable tectonically, although some parts have
tilted and warped, undergone periods of erosion, and been subjected to major
incursions of the sea.

The Permian basin is one of the salt regions identified ir a
national screening as having potential for the siting of repositories (280).
A regional characterization has been completed, and area-level studies are

under way in the Palo Duro and Dalhart basins of Texas, described below in
111005.3.1-
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In the New Mexico portion of the Permian basin, search for sites
suitable for the Waste Isolation Pilot Plant led to the Delaware basin and the
sqbsequent selection of a proposed site in the Los Medanos area, described in
15.0,9.3.2,

11.0.5.3.1 Palo Duro and Dalhart Basins

The Palo Duro and Dalhart basins (Figure II-15) were identified
as areas with potential for siting a waste repository through screening of the
Permian basin bedded-salt deposits (285). These basins are located largely in
the Panhandle of Texas. The area is typified by an almost featureless plain
that is dissected by headward-cutting streams and is underlain by nearly

horizontal Mesozoic and Cenozoic sedimentary formations.

Current investigations are in a subregional evaluation phase in
which some field work has been done. Data available for direct analysis
include (i) 8,000 ft of salt-bearing core, (ii) petroleum source-rock gquality
and thermal maturity data for resource assessment studies, (iii) drill-stem
test data for regional hydrogeologic studies, and (iv) quantitative data on
the climatic history, erosion potential, and shallow subsurface salt dissolu-
tion for predicting the long-term geomorphic integrity of the Texas Panhandle.

The data assembled to date are preliminary. Detailed area and
site investigations began in FY 1980. Specific questions pertaining to
hydrology, tectonics, geology, and resource evaluations will be the subjects
of proposed investigations (286). However, based on (i) the abundance of
evaporite deposits which are interbedded with potential barriers to ground
water migration (e.g. shale), (ii) the remoteness of the region, and (iii) its
marginal potential for resources, the region is a likely candidate for further

evaluation.

11.0.5.3.2 Los Medanos Site

Geologic and hydrologic investigations of a site have been under
way in Southeastern New Mexico since 1972. This site is within a region of
the Delaware bedded-salt basin and is about 26 miles east of Carlsbad, New
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Mexico (Figure II-16). This site is well characterized and has previously
been proposed by the Department for the Waste Isolation Pilot Plant (WIPP), a
facility which was authorized by Congress for the disposal of transuranic
wastes from the defense program. The site investigations are summarized in a

comprehensive Geological Characterization Report (192).
The data collected to date indicate that the site has all the

required features, with the possible exception of some conflict with natural
resources. While it is possible that future exploration at cepth or improved
understanding of geologic processes could reveal aspects undesirable for a
repository, these prospects are unlikely. Calculations performed for a poten-
tial breach of the WIPP repository by future human activity, believed to be
more likely than natural failures of the geologic barriers, indicate that,
even under extremely conservative assumptions, the potential hazard to the
general population is very slight--less than that from naturally occurring

radiation.

11.D.5.4 Salina Basin

The Salina basin as here defined is a portion of the north-
eastern United States underlain by bedded salt in a rock unit called the
Salina Group or Formation of Late Silurian age. This salt formation is pres-
ent in the northern Appalachian and Michigan basins in parts of Michigan,
Ohio, Pennsylvania, and New York (Figure II-17).

A regional study of the Salina basin has been made from the
existing geologic literature and geologic data available from public and
private sources. For the Ohio and New York portions of the Salina basin, the
regional studies have been completed (287, 288) and initial evaluations have
identified study areas that appear to be geologically favorable for more de-
tailed field investigations. The Michigan portion of the Salina basin has not
been studied in sufficient detail to allow the identification of study areas.
However, it is known that Michigan has salt beds of sufficient thickness and
extent to meet present specifications for waste repositories and that these
beds occur at suitable depths.
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No field investigations have been carried o'l by che Department
in the Salina basin. Some field work in support of repository siting has been
done by the U.S. Geological Survey in New York and in Penncylvania.

The Salina basin is c..sidered to be tr.ctonically stable; it
has low seismicity and is far from crustal plate boundaries. The potential
for uplift or subsidence in the next million years appears to be minor. Even
at extreme rates of denudation, surface lowering by stream erosion will not
threaten a repository located at least 1,000 ft below the surface. Although
glacial scour in the Finger Lakes region of New York has reached estimated
depths of 1,200 ft to possibly as much as 1,800 ft, this process is not
general and was caused by specific geologic conditions. The amount of glacial
scour in valley areas needs to be investigated further, but upland areas
appear to be favorable with regard to potential future glacial erosion.

New York salt beds were deformed by Paleozoic thrust faulting,
folding, and probable decollement with tear faults. The structure is complex,
but present information indicates that large areas within the St-ce should be
investigated further.

A large area in Northeastern Ohio meets preliminary screening
requirements: salt with an aggregate thickness of 75 ft or more, and depths
between 1,000 and 3,000 ft. Ohio has more o0il and gas production than New
York and a higher potential for future resource development. Resource con-
flicts may be severe for siting a repository in Ohio.

Regional analyses suggest that Michigan is geologically favor-
able. No detailed screening has been done, but the stratigraphy and the
structure of the salt beds appear to be promising.

Much additional information is needed before a repository site
could be identified in the Salina basin. The deep ground water circulation
and flow systems are not known. The detailed composition of the salt beds is
not known. The water content and the mineral impurities of the salt need to
be determined. In addition, the nature of facies changes within the salt beds
and surrounding rocks needs to be evaluated. Dissolution of salt is probable
in New York where the Salina Group crops out. The rates and processe, of
dissolution are not known and need to be evaluated. Northeastern Ohio does
not appear to have significant present-day dissolution. The potential for oil
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and gas development in the Salina basin needs to be evaluated. The regional
geologic studies of the basin indicate that New York, Ohio, and Michigan all
have both favorable and unfavorable geologic characteristics for a reposi-
tory. At the present, no part of the basin can be judged acceptable or un-
acceptable for repository siting.

11.0.5.5 Basalt Waste Isolaticn Project

The Basalt Waste Isolation Project (BWIP) is evaluating the
Department's Hanford Site in the State of Washington to determine whether it
contains a suitable location for a repository in basalt. The Hanford Site,
576 square miles in ar ., is in the center of the Pasco basin (Figure II-18).
Geologic and hydrologic investigations have been under way since 1977 and
represent a continuation of an effort conducted between 1968 and 1972. Most
of the results of these investigations have been published (289, 290).

Current data and understanding indicate that basalt is a suit-
able medium for the disposal of radioactive waste. [Investigations of the
Hanford Site to date indicate that it has suitable geologic and structural
characteristics. The location and the movement of water in the unconfined and
upper basalt confined aquifers are well understood (291, 292). Questions
about the location and movement of the water in the interbeds and interflows
of Wanapum and Grande Ronde Basalts are being addressed (293) and should be
resolved in the next 2 to 3 years. The tectonic conditions of the area have
been investigated, and it appears that the area is sufficiently stable for
siting a repository (294). Current information and understanding indicate no
conflicts with natural resources.

I11.D.5.6 Nevada Nuclear Waste Storage Investigations

The Nevada Nuclear Waste Storage Investigations (NNWSI) are
evaluating the suitability of the Department's Nevada Test Site (NTS) in Nye
County, Nevada (Figure II-19). Because waste isolation activities must not
interfere with the prime mission--nuclear weapons testing--exploration for a
suitable repository site on the NTS is currently limited to the southwest
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portion. The arca compatible with weapons tnsting consists of approximately
300 square miles of desert basins and mountain ranges. Early in the project,
sites outside the southwest quadrant wer: considered. One such site, the
Syncline Ridge was eliminated from further -onsideration because of its struc-
tural complexity (295). In addition to exploration for repository sites,
field tests are being performed at the Climax Stock and G-Tunnel, to evaluate
the suitability of granite and welded tuff, respectively, as host media. A
summary of the investigations conducted to date is available in a recent
report (296).

Current data and understanding indicate that the Nevada Test
Site and tuffaceous rocks have potential for isolating radicactive waste in a
mined geologic repository. The identification of . site with suitable geo-
logic and hydrologic characteristics is the primo.y focus of exploration. The
likelihood and the consequences of potential rectonic events are being anal-
yzed to determine whether the tectonic settiig would preclude waste disposal
at the site. Preliminary data suggest that the risks from tectonic phenomena
are acceptavle. Metallic and energy-resource conflicts are minimal; both
water and land-use resources need careful evaluation.

The geology of the Nevada Test Site is complex, a characteristic
shared by all of the Basin and Range Province in which the NTS is located.
The geologic strata present at the NTS consist of more than 30,000 ft of
pre-Cambrian and Paleozoic quartzites, shales, and carbonates (297). This
sequence of sedimentary rocks was deformed during compressional mountain-
building episodes in Mesozoic time. During the mid-Cenozoic, a few thousand
feet of volcanic deposits were deposited in the region and subsequently dis-
placed by normal faults (297, 298). The closed basins associated with the
normal faulting have accumulated alluvium deposits that exceed 2000 ft in
thickness in the deepest parts of the basins (297).

Of the rock types that occur the Nevada Test Site, argillite,
granite, alluvium, and tuff have been considered for suitability as host
rocks. Alluvium was deferred from consideration as a candidate host for
high-level waste because its thermal conductivity (assumed for the study to
range from 0.2 to 1.2 W/m-K) would allow unacceptable near-canister tempera-
tures for 10-year-old high heat generating wastes (299). Geophysical data
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collected during 1978 and 1979 indicated the presence of structural discon-
tinuities passing through the Calico Hills (argillite-granite) and Wahmonie
(granite) study areas. Magnetic and gravity data suggested a possible gran-
itic intrusion at shallow depth below the argillites at Calico Hills, but a
2,550-ft drill hole failed to penetrate the inferred granitic mass (210).
Therefore, current exploration efforts in the southwestern part of the Nevada
Test Site are directed to locations containing the remaining candidate host
rock, volcanic tuff. At present, only one location, Yucca Mountain (Figure
I1-19), is being explored.

Yucca Mountain is underlain by approximately 2000 m of inter-
bedded welded to nonwelded tuffs. The thermal, mechanical, and chemical prop-
erties of welded tuff are generally considered favorable for a geologic repos-
itory (300). The thermal conductivity of saturated welded tuff is about
2.5 W/m-K, and its mechanical strength approaches that of granite (164). How-
ever, welded tuff may contain up to 10% water by weight. If this water is
removed from the rock, thermal conductivity decreases to approximately 1.7
W/m-K. The effects of this water on the thermomechanical response of tuff
have to be assessed and are being investigated by an at-depth heating test at
G-tunnel (247) and by laboratory studies and computer modeling. The sorption
capacity of tuff is generally very high and quite variable. Depending on the
mineralogy, sorption values for various types of tuff range from 55 to 13,000
ml/g for strontium and from 50 to 6,000 mi/g for cesium.

An ideal geologic setting for a repository in tuff is a ther-
mally conductive, mechanically strong, welded tuff enveloped by a low-perme-
ability, highly sorptive, nonwelded zeolitized tuff (Figure I[I1-20). Field
mapping, core drilling, and geophysical surveying are in progress to assess
the extent to which these conditions exist at Yucca Mountain. A 6,000-ft core
and hydrologic test hole is being drilled into the study area; the results
will Se correlated with data from a 2,500-ft hole drilled earlier (209). The
water-bearing properties of inferred fracture zones in the Yucca Mountain area
will be evaluated by hydrologic testing and geophysical surveys.

The Nevada Test Site lies in a porti.n of the Great Basin char-
acterized by large, closed ground water and surface water basins. Ground
water flows southwest and discharges at Ash Meadows, Nevada, and Death Valley,
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California (Figure 1I-19), about 40 and 60 km from the current study area,
respectively (238). The water table is between 400 and 600 m deep in the
study area (209). Few reliable estimates of ground water flow velocity are
available for the NTS region. Estimates based on radiocarbon ages of water
from wells at the NTS and from wells in the Amargosa Farms area, approximately
32 km downgradient, indicate an average velocity of about 9 m/yr between these
wells (296). This rate is probably higher than average ground water veloc-
ities in the NTS because much of the flow tc the wells is through local zones
of fractured tuffaceous rocks and alluvium whose average hydraulic conductiv-
ity is higher than for other areas at the site with the exception of some
areas of carbonates (238). A two-dimensional, finite-difference model of the
regional flow system encompassing the Nevada Test Site is currently being
tested by sensitivity analyses to determine the relative importance of the
model's hydrologic parameters to velocity and residence-time calculations
(301).

The Nevada Test Site is in an area of the Great Basin that has
relatively low seismic activity for the Basin and Range Province (seismic risk
zone 2) (177, 261, 302) and a low potential for volcanic eruptions (181,
183). Based on the historic seismic record within 400 km of the NTS, it is
estimated that an acceleration of 0.7g has a return period of 15,000 years,
and 0.5g has a return period of about 2,500 years (261). Methods for estimat-
ing the recurrence potential of basaltic volcarism yield preliminary annual
probabilities for a 10 kn’ area of 1078 to 107? per square kilometer
(183). The calculations assume that volcanism is a temporally and spatially
random process within the NTS region. This assumption is conservative. Cur-
rent work, including field and geophysical studies, is concerned with identi-
fying structural features that affect the distribution of past volcanic activ-
ity. The relationship between Quaternary strata of the basin fill deposits
and erosional and depositional surfaces indicates that only very slight
regional and local uplift and subsidence have occurred during the past few
million years (303).

Limted mining was conductrd in the area of the Nevada Test
Site long before the land was withdrawn. The mineral deposits are generally
associated with intrusive granitic masses. All potential repository sites on

IT - 124



or near the site will be evaluated for mineral resources. No hydrocarbon
deposits of reasonably foreseeable commercial grades occur at the Nevada Test
Site. However, because the NTS is in a desert, water resources are scarce and
must be considered.

11.0.5.7 Expanded National Waste Terminal Storage Program

The Department's site exploration program is being expanded to
consider a wider variety of rock types in diverse geologic environments.
These broadened activities were originally recommended by the Interagency
Review Group (204) and were included in the Pres dent's statement of 12
February 1980 (1).

Three approaches to site exploration and characterization are
currently available for use to implement the expanded program at the national
screening phase. The approaches are (i) geologic-host rock; (ii) current land
use; and (iii) geohydrologic environment. The three site exploration and
characterization approaches are described in Section III.C.1.

The geologic, or host-rock, approach has been applied in
separate literature surveys of granitic intrusive rocks in the conterminous
United States and in the southern Piedmont to determine their distribution and
potential suitability as repository host rocks (141, 142). The factors evalu-
ated included piysical, chemical, hydrologic, te tonic, seismic, and minera-
logic properties. The information collected in these studies indicates that
numerous granitic bodies are suitable for further evaluation.

Three evaluations have been completed in the following sub-
regions of the southeastern United States:

1. The Piedmont Province, consisting of pre-Cambrian
and Paleozoic metamorphic and igneous rocks (142).

2. Triassic basins, long narrow troughs in the
Piedmont of Triassic sedimentary and extrusive
rocks (133).

3. The Coastal Plain, a wedge of unconsolidated and
semiconsolidated sands, clays, and 1imestones
overlying rocks of the Piedmont type (304, 305).




A literature study of argillaceous rocks in the United States
is currently under way. Laterally persistent argillaceous rock units at least
75 m thick and 300 to 1000 m deep are being evaluated. Characteristics being
considered include physical properties, mineral composition, geochemistry,
geologic structure, seismic potential and tectonic history, development of
mineral resources, regional ground water hydrology, and the extent of drilling
and mining. This study is expected to be completed in the third quarter of FY
1980.

Three broad classes of argillaceous rocks are being evaluated

by laboratory testing:

1. Argillaceous rocks with no carbonaceous material
and with little or no hydrous expandable clay.

2. Argillaceous rocks with carbonaceous material.

3. Argillaceous rocks with smectite as a major clay
mineral constituent.

Each class will be sampled by drilling and evaluated to deter-
mine the major mineralogic constituents. Each sample will be characterized by
(i) complete chemical and mineralogical analyses; (ii) response or reaction to
large doses of gamma radiation; (iii) me.surement of the thermal properties;
(iv) measurement of absorptive properties; (v) measurement of the mechanical
properties; aud (vi) determination of the products of the interaction between
the samples and simulated radioactive waste. This project will continue
through FY 1981.

Screening based upon consideration of geohydrologic environ-
ments screening is being initiated to evaluate simultaneously the literature
regarding geohydrologic and environmental requirements. This study will
entail a nationwide literature search and result in a computerized data base
suitable for use in parametric analyses. Concurrently, the U.S. Geological
Survey is planning evaluations of various geohydrologic provinces of the
Uniteu States.
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I1.D.6 Natural Systems Summary

The information presented in Sections '1.0.4, 11.0.5, and
Appendix B irdicates the technical scope and current status of the Depart-
ment's programs to evaluate the potential of various natural systems to pro-
vide the necessary features for a repository. The natural and engineered
barrier systems discussed in the next chapter are closely related because the
construction and operation of the repository will affect the natural systems.
If appropriately designed, engineered systems can supplement the containment
and isolation capabilities of Lhe natural system. Much of the information
gathered during field and laporatory investigations of natural systems will be
used in the modeling programs described in Chapter II.F.

The information about the natural system presented in this
chapter and Appendix B can be summarized as follows:

1. The scope of technical information required for
evaluating natural systems and the role that
natural systems can play in providing barriers
for containment and isolation are known.

2. Required characterization techniques are avail-
able; many represent the state of the art.

3. The need for additional improvement in predicting
the performance of fractured, and perhaps water-
bearing, rock masses has been recognized.

4. Site identification programs are being conducted
in a number of regions and host rocks, including
basalt, granite, shale, salt, and tuff; some are
well advanced. A geologic characterization
report and a draft environmental impact statement
have been prepared for a bedded-salt site in
southeastern New Mexico from data gathered in

extensive site drilling and field characteriza-
tion.

Preliminary drilling and other field activities
are being conducted at potential locations (see
ITI.C) on the Department's Nevada Test Site and
the Hanford Site in volcanic tuff and basalt
environments, respectively. Eight salt domes in
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the Gulf interior region were identified for area
characterization studies; the Departmen* is con-
tinuing evaluation of seven of these for possible
location characterization studies.

Area-level studies (see III.C) are also currently
being conducted in the Paradox basin of Utah; the
Appalachian basin of New York, Ohio, and Pennsyl-
vania; and the Palo Duro and Dalhart basins in
Texas. Regional level studies (see III.C) for
granite and shale have been completed, and area
studies will soon commence.

Investigations to date strongly suggest that
acceptable natural systems exist that will meet
the objectives in II.A.l.

The diversity of media under evaluation, the
large number of potentially suitable sites con-
tained in the areas and regions being studied,
and the NWTS Program's ability to successfully
screen for sites using criteria (II1.D.3) and the
available performance assessment  techniques
(11.F.1) will result in identifying, qualifying,
and licensing repository sites.
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I1.E MAN-MADE SYSTEMS OF MINED GEOLOGIC DISPOSAL

Chapter 11.D describes the natural systems associated with
mined geologic disposal. This chapter addresses the subject of man-made sys-
tems. The man-made repository systems consist of three basic functional com-
ponents: the waste pa~“age system (II.E.1), the repository system (II.E.2),
and preventive measures against human intrusion (I1.E.3). This chapter ad-
dresses the factors requiring consideration for each of these man-made system
components and presents (i) the phenomena of concern, (ii) a description of
and the requirements for successful functioning of the components, and (iii)
the status of knowladge and planned activities relating to each.

I1.E.1 Waste Package System

The waste package, as used here, includes everything man places
in the repository waste emplacement hole, e.g., ihe waste form, canister,
overpack, and backfill. These various package system components will be used
to reduce overall technical uncertainties by virtue of their conservative
engineering design and by providing attenuation of risk to man in addition to

that provided by the host rock and surrounding strata. These compcnents pro-
vide:

1. Containment of fission products for extended
periods to allow short-lived radionuclides to
decay while still localized.

2. Limitation of the rate of release of radionu-

clides to the near-field host rock for the entire
period of isolation.

3. Limitation of access of water to components of

the pacxages to prevent or minimize waste/rock/
leachant interactions.

The functions and materials of package system components will
vary in response to specific site needs and environmental factors. A waste
package system is conceptually represented in Figure II-21. The package
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contains a number of components which might be appropriate under particular
circumstances, but not all components are necessarily appropriate or required
for a specific system. The choice of waste package components will depend on
the characteristics of the waste to be contained and the characteristics of
the natural geoloyic system.

One may envision how this multibarrier package system performs
by considering the case of ground water moving though the natural system
toward the package. Water first would encounter the emplacement hole back-
fi11, which could be designed to be relatively impermeable to water; such
design would make use of well-established physical and chemical reactions.

( CLADDING
SPENT FUEL

Figure II-21. Conceptual Waste Package
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Any residual water passing through the backfill would encounter a sleeve, an
overpack, or both, made of corrosion-resistant materials. As a further redun-
dant measure, the canister itself would act as a physical barrier. Use of a
nongaseous stabilizer could provide an additional resistance to water influx.
If all these sequential resistances to water influx were to fail, the waste
form itself would be a barrier because of its resistance to radionuclide
release. If some nuclides were mobilized by the ground water, they would have
to travel through package components. The backfill or other parts of the
system could then function as a sorptive barrier ‘o retard or minimize move-
ment of selected nuclides. Thus, the total waste package system can be
designed to minimize the nuclide inventory entering the natural system.
Chemically and physically limiting nuclide mobility, and also delaying nuclide
releases, results in a substantial decay before nuclides enter the natural
system, where there would be additional delay and decay due to sorption re-
actions with surrounding rock materials along the ground water path.

The candidate package components are discussed subsequently in
more detail relative to the phenomena and environments (see also II.C) to
which the package may be exposed. The functions of package components when
exposed to those conditions, the expected requirements that will be placed on
the performance of the waste package system, and the current state of our
knowledge are described.

I1.E.1.1 Phenomena of Concern

Numerous phenomena that initiate reactions in and stresses on
the waste package system have been identified. These phenomena occur both in
the operating phase of the repository, €.9., handling and emplacement proc-
esses, and during the long-term isolation phase of the repository, e.g.,
barrier deterioration as a result of corrosion or chemical and radiolytic
degradation. Operating phase considerations are discussed in I[I.F.3. The
principal phenomena of concern to the long-term isolation phase are as fo!lows:

1. Incursion of fluid due to natural or anthropo-
genic effects.
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2. Volatilization of nuclides.
3. Radiolysis.

4. Heat generation and thermal-mechanical stresses
on package components and host rock.

5. Interactions with ground water.

6. Other interactions among package components and
host rock.

The processes to be considered depend upon the emplacement medium and the
temperatures and pressures that the waste package system must withstand. The
package thus must be designed to confine the waste under widely varying condi-
tions.

The waste package will consist of various components, each of
which can mitigate the impacts of these phenomena on package performance. It
is important to note that the design may require more than one component to
resist all potential phenomena. The use of a multicomponent waste package
design will increase the ability of the package system to resist all expected
phenomena.

I1.E.1.2 Description of Package Components

The waste package has been defined as a system of engineered
components that may include waste form, stabilizer, canister, overpack,
sleeve, and emplacement hole backfill (306). These components may be exposed
to a variety of phenomena that can be defined in terms of anticipated reposi-
tory environments (II.C). The following paragraphs discuss each package com-
ponent separately; however, it is the performance of the entire system of
components on which containment of the waste depends.

11.6.1.2:1 Waste Farm

The waste form in the reference case for this Statement is
spent fuel as discharged from light water reactors (LWR's) with 1little or
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perhaps no modification other than aging or possible mechanical disassembly to
allow volume reduction (see I.A). The waste form function is to provide a
durable barrier to delay or minimize radionuclide release. Since the most
credible transport mechanism to the biosphere is by ground water movement, the
leaching or dissolution (release) characteristics of the waste form are of
concern. Preserving the integrity of the waste form would minimize the mobil-
ization of the radionuclides. For spent fuel, the properties of the cladding
must also be considered because it may provide an additional barrier against
water exposure of the fuel. Also, the cladding contains fission product gases
released from the spent fuel, €.9., tritium, xenon, and iodine, and prevents
their entry into free spaces within the canister. Other properties . he
waste form that must be considered include thermal/physical response, mechani-
cal shock resistance, phase stability, volatility and gas generation, and
compatibility with other components within the waste package system.

1) i o - 2 Stabilizer

The stabilizer (sometimes referred to as filler) can have sev-
eral functions within a spent fuel container. Gases, such as helium, could
enhance heat transfer during the thermal period without causing chemical or
mechanical attack on the spent fuel/cladding assembly or the canister. Parti-
culate or solid stabilizers can provide additional functions, including main-
taining the position of the spent fuel within the canister; preventing can-
ister collapse under lithost:tis pressures; and acting as a corrosion-
resistant protective barrier, improving heat transfer, increasing radiation
attenuation, retarding water intrusion, and enhancing desiccant activity or
nuclide sorption.

11.£63.2.3 Canister
The canister provides containment for the waste forms and stab-

ilizer. It should delay or minimize vaste/water interactions as long as prac-
ticably achievable. Moreover, the carnister is expected to provide physical
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protection during interim storage, transportation, handling, emplacement, and,
possibly, waste retrieval operations.

I1.E.1.2.4 Overpack

The overpack is similar in principle to the canister. An over-
pack offers several options to the package designer: it may function as a
redundant canister, applied (if necessary) for all stages of package handling,
transportation, and emplacement; it can exhibit corrosion resistance or mech-
anical properties superior to those of the original canister, thereby provid-
ing all, or a major part, of the resistance to the environment required by the
package longevity criteria; it can provide a degree of unifcrmity to a variety
of canister types to accommodate repository acceptance criteria. The canister
and overpack together can be referred to as the "container."”

11.£.1.2.9 Emplacement Hole Sleeve

The function of the emplacement hole sleeve, for current waste
package concepts, is to maintain an open emplacement hole for easy package
insertion and retrieval. This may be important if the geologic medium is
plastic, e.g., rock salt and certain shales. However, the sleeve also could
assume a more significant package role. For example, certain barriers could
more easily be formed or built in situ rather than transported and emplaced
with the canister, e.g., poured concrete sleeves. Such sleeves could function
as barriers to the entry of ground water,

11.£.1.2:6 Emplacement Hole Backfill

Emplacement hole backfill materials which will be used to fill
the void spaces between the canister, overpack, sleeve and host rock, may have
several functions:

1. Sorbing the limited amount of water present in a
dry repository medium, e.g., brine inclusions in
salt.
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6.

Impeding movement of ground water to or from the
waste package.

Selectively sorbing radioisotopes from the water
that contacted the waste in the event of a canis-
ter breach.

Modifying the ground water -hemistry and composi-
tion (pH, Eh, selectively i chemical species)
in the vicinity of the pa. ge to reduce corro-
sion rates or minimize waste form leaching.

Providing mechanical relief for accommodatiné
hole closure and stresses on the waste package
induced by rock movement.

Serving as a heat transfer medium.

IT.E.1.3 Waste Package Requirements

The intention of waste package performance requirements is to
ensure that the waste package design will conservatively satisfy overall 3eo-
logic disposal system requirements and that it will provide the functions re-
quired for handling, emplacement, and, if necessary, retrieval of the waste.

The requirements apply to disposal in any geologic medium.

The waste package or, i

system:

1.

The waste package must act as a barrier to radio-
nuclide mobilization and release into the geo-
logic system over long periods of time in accord-
ance with Objective 1 stated in II.A.1.

The waste package must provide for the safe hand-
ling of waste at tne repository in conjunction
with other components of the repository system.

The waste package must oreserve the ability to

retrieve the waste safely throughout the required
repository demonstration period.
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These capabilities will be required under both normal operating conditions and
specified design basis accident conditions to ensure that, in conjunction with
other components of the repository system, the performance of the repository
is in compliance with ove~=11 system requirements.

Waste handling operations at the repository will inciude re-
ceiving, inspection, transfer to the underground, and emplacement. The cap-
ability to package or overpack spent fuel on-site may be included. In this
case, any receiving and inspection requirements would apply to the spent fuel
shipping cask as well as the final spent fuel container used for disposal.

The safety provided by the containerized waste during handling
and emplacement operations will be assessed on the basis of its ability to do
the following:

1. Maintain waste containment under normal operating
stresses due to vibration or impact.

2. Limit vradionuclide dispersion under accident
conditions involving combustion.

3. Maintain surface contamination within the limits
specified for repository handling components.

4, Limit hazards to the public and the -epository
personnel from exposure to chemicaliy toxic
substances.

5. Prevent criticality within single packages or an
array of packages by virtue of the physical
properties and the spatial arrangment of a group
of packages.

The conditions under which the package must perform will range
from normal operating conditions to abnormal conditions due to minor operation-
al incidents or to conditions resulting f-om design-basis accidents. Under
the normal and abnormal operating conditions, the waste container will retain
its physical integrity and be capable of providing containment throughout the
handling and emplacement operations. After more severe accident conditions,

repackaging or overpacking the damaged container will be performed if required.
The waste container and overpack design will be standarized to

the extent practicable. Standardization is primarily for operational uniform-
ity and does not apply to material types chosen on a site-specific basis. The
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features of the waste package to be considered for standardization include
package dimensions, geometry, maximum weight, and allowable package surface
contamination. The standardization of the package components not only repre-
sents good engineering practice but also contributes to safety by ensuring
that wastes can be handled at any repository, using existing handling facil-
ities at the repository, and that surfiace d-ce rates will be within design
limits for all repository handling facilities.

If for any reason a repository is found to be unacceptable dur-
ing the operating period, the waste will have to be retrievable (II.F.3).
Retrievability requires that the containerized waste remain intact throughout
the operating period and this imposes durability requirements on the contain-
erized waste.

In addition, the waste package will provide a long-term barrier
to radionuclide release and transport into the surrounding rock strata. It is
important to understand that the package will be evaluated as a system. Under
certain conditions, some components of the system may not be entirely effec-
tive; thus the burden of some portion of their function falls on other compo-
nents. The package system is being technically evaluated to ensure that, if
individual components fail, the package will maintain its ability to act as an
effective deterrent to radionuclide transport.

I1.E.1.4 Current State of Knowledge Regarding Waste Package System

Extensive testing and development studies on various individual
barrier components of the waste package system, under expected corditions of
geologic isolation (II.C.4), have been in progress for several years. These
studies have been conducted in industrial and national laboratories, as well
as universities, both in this country and abroad. Most of these studies are
not complete, but the data and results generated during the past few years do
indicate that components of the waste package system can prevent or minimize
release of radionuclides to the natural system by functioning as effective
chemical and physical barriers. Programs, program plans, and results are
described here.
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Because of the many candidate materials suggested for each of
the components of the waste package, barrier development programs are proceed-
ing in a logical sequence of scale and complexity of the tests. Generally,
studies are started in the laboratory, usually on single components, with
tests directed toward the major properties of interest associated with the
prime function of the barrier. The initial laboratory tests in the Depart-
ment's program utilized simulated waste forms without the influence of a
radiation field. Later, laboratory studies started to utilize real waste
(307-310). Experiments that simulate repository conditions and integrate the
behavior of waste package components and the geological media are in progress
(311, 312). Further laboratory efforts (306, 313, 314) are being directed
toward more complex testing of subsystems involving more than one component.

Through laboratory materials performance evaluation under
realistic repository environmental conditions and accelerated aging tests
(referred to as "overtests"), the number of waste package candidate materials
is being reduced for subsequent evaluation (315).

Following laboratory testing, cold "bench-scale" experiments
and hot-cell experiments are planned (313); some are already under way. These
tests employ small-scale mockups of real, complex systems or groups of system
components to investigate the influence of components upon each other. For
example, leaching/corrosion studies utilizing a scaled mini-canister of an
actual waste form with rocks and ground waters are in progress (316, 317).

The logical culmination of a series of studies investigating
waste package component performance and qualification is a large-scale test
specific to each repository rock type (318, 319) (see also 11.0.1 and II.F.2),
which involves all components of the waste package. Such tests also may be
performed in the field to confirm the results of earlier detailed laboratory
and large-scale tests. To evaluate the response of the total package system
it may be necessary to induce failure in one or more component in a realistic
way, S0 as to stress one or more of the remaining components. [If, for
example, the backfill successfully excludes water from the overpack, no infor-
mation will be obtained about the in situ resistance of the overpack to the
stress of ground water. The required extent of such field testing will be
determined from the analysis of earlier results.
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Various aspects of required laboratory, large-scale, and field
tests have been described by the U.S. Geological Survey and the Department in
the Earth Science Technical Plan (314) which discusses the types of data re-
quired and the sequence of laboratory, large-scale engineering, and field dem-
onstration tests. A Waste Package Design, Development, and Test Plan (306’
has been formulated to direct these package development efforts. An integral
part of this plan is the development of coordination among and standards to be
followed by researchers and waste management program entities with respect to
testing procedures and materials certification. For review and integration,
the Department has established a Materials Steering Committee, a Materials Re-
view Board, a Materials Characterization Center, and an Independent Measure-
ment Standards Laboratory (320). These organizations have been charged with
supporting waste package design, development, and testing programs to produce
suitable packages that meet established requirements (see also Part III).

IT.E.1.5 Status of ‘ackage Components

I1.£.1.5.1 Waste Form

Spent fuel as a waste form, has a preset form, composition, and
geometry (321). The in-reactor operating history (322, 323) and also its
postoperating and storage history will dictate the physical condition of the
spent fuel as received for packaging and disposal (s2e II1.C). The actual phys-
ical condition will influence the containment efficiency of the cladding, the
release resistance of the fuel pellets, and the radiation and thermal output
of the packaged spent fuel (307, 310, 324). The majority of the spent fuel
assemblies will be of the PWR and BWR types consisting of spent fuel pins of
uranium dioxide pellets in sealed metal (Zircaloy) tubes held in a geometric
space array by a metal framework. Concepts to prepare spent fuel for disposal

now under investigation include the following, listed in order of increasing
complexity (325-327):

1. Intact fuel assembly: minimizes handling and
packaging operation and also the need for addi-

tional waste streams; is compatible with storage
concept.
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2. Removal of assembly nozzles: creates additional
waste stream and packaging operation but permits
shorter package length; is a necessary step for
other concepts.

3. Fission gas removal and reseal: has same attri-
butes as removal of assembly nozzles and also
prolongs cladding integrity and reduces canister
pressurization and subsequent release if breached.

4, Fuel bundle disassembly: has same attributes as
removal of assembly nozzles and also eliminates
effect of dissimilar metal contact on cladding
corrosion; may lead to possible temperature ef-
fects due to close packing of pins.

5. Chopped fuel and matrix immobilization: has
attributes of fission gas removal and reseal
although it destroys cladding as containment, but
provides uniformity of waste form and new barrier
option, i.e., matrix material.

Spent fuel as a waste form has been under investigation for
some time (319, 325, 326, 328, 329). Laboratory studies on the release of
radionuclides from spent fuel (307-310, 330) have included leachants of vari-
ous ground water composition. These tests are continuing, alono with new
studies to strengthen the understanding of the effects of degree of oxidation
and chemical distribution on nuclide release from spent fuel (331). These
tests are being performed under both oxidizing and anoxic environments in
various ground waters.

A naturally occurring deposit of reactor wastes was created 2
billion years ago at the site of a current uranium mine (Oklo) in Gabon, West
Africa (332). Certain regions accreted enough very rich ore to become
"critical® and sustain a fission chain reaction for several hundred thousand
years. More than 10 tons of wastes, comparable in nearly every respect to the
products generated by a modern power reactor, were formed in the buried ore
where they have been exposed to dispersive natural processes ever since. Yet
the majority of the waste products are still at or near the original site.

Better understanding of the Oklo phenomenon will increase our
knowledge of how a number of waste products in spent fuel will behave over
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extremely long periods of time. To date, studies show that the long-:erm
release rate of most of the Ok1> reactor products is controlled by solid-state
diffusion from crystalline grains of uraninite, a process which is very slow
compared to processes which involve direct dissolution of the ore. At Oklo
the uraninite grains remained undissolved because oxygen, which is necessary
to oxidize the uranium to a soluble form, was held to extremely low values in
the surrounding ground water by the presence of an excess of reducing
materials.

In order to determine whether present-day spent fuel can be
expected to behave similarly in a similar geochemical environment, studies are
being conducted to determine whether the release rates of waste nuclides are
controlled by diffusion from UD, when the oxygen content of water is held to
very low values (330). To date the information obtained from such experiments
indicates that lowering the oxygen content of the water can significantly
decrease the release rate of the wastes.

Accelerated release studies are currently investigating the
behavior of a simulated spent fuel in both deionized water and a simulated
salt brine under hydrothermal conditions of 100°C, 200°C, and 300°C at
pressures up to 300 bars (333-335). The alteration and degradation of the
original solid and the chemical species taken into solution are being studied.

Preliminary results from these various studies indicate that,
although some radionuclides are released more rapidly than others as a func-
tion of experimental conditions, spent fuel is a durable waste form that
exhibits low release of radionuclides when subjected to ground water under
normal repository conditions.

11.£.1.5.2 Stabilizers

For stabilizers (fillers) in spent fuel canisters, candidate
materials include inert gases (e.g., helium) and cas'able solids (e.g., glass,
lead and lead alloys, zinc and zinc alloys) (329, :36). A list of candivate
canister stabilizer materials follows (337):
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Gases:

Helium
Nitrogen
Solids:
Fe, Fe alloys Graphite
Pb, Pb alloys Bentonite
In, In alloys Other clay minerals
Glass Sand
Concrete Crushed host rock
Al, Al alloys Mixtures of the above

Cu, Cu alloys

Basic physical and chemical properties of candidate stabilizer
materials are well known. Some of these candidate materials have been evalu-
ated (under expected repository conditions) for use as barrier materials other
than as stabilizers, e.g., as canister, overpack, and/or backfill barriers.
Since the overall waste package functions are similar (e.g., corrosion resis-
tance, nuciide sorptive properties, protection of the waste form), the same
materials testing can, in many cases, be applied to several system compon-
ents. Results of such testing (315, 337-341) for metallic, ceramic, and other
materials are discussed below.

11.6.1.9.3 Canister, Overpack, and Sleeve

Candidate materials for the canister, overpack, and sleeve can
be discussed together, since they all are basically impermeable or "hard"
package elements and will act in much the same manner though perhaps for dif-
ferent package functions. Candidates include metals, ceramics, carbon,
glasses, and cements. A selected list of candidate materials follows, with
each of the major materials groups discussed in subsequent paragraphs:

Metals:
Ti alloys

Ir alloys
Ni alloys
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Pb, Pb alloys
Fe, Fe alloys
Cu, Cu alloys
Aluminum alloys

Ceramics:

A1,03 (alumina)

2A1,05 * Si0, (mullite)
A1,03-2r0,-5i0, (fused AZS refractory)
CaTi0; (perovskite)

Ca0 - Ir0, * Ti0, (zirconolite)

T102 (rutile)

Zr0, (zirconia)

IrSi0g (zircon)

Carbides:
TiC
SiC
TaC

Carbon:

Impervious graphite
Glassy carbon
Pyrolytic graphite

Glasses:

Wide variety
Cements:

High-alumina cements

Specially tailored cements, grouting
Compounds, or chemical binders

Candidate material selection for canister and overpack will be
based largely on the results of corrosion tests as a function of temperature,
radiation, and ground water chemistry, e.3., pH, Eh, composition, and ionic
strength, that are typical of the water in various media of interest, i.e.,
basalt, granite, salt, and tuff. Applicable materials studies to date include
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consideration of general corrosion rates, pitting and crevice corrosion sus-
ceptibilities, stress corrosion cracking, effects of oxygen concentration,
solution volume to solid surface area ratio, and possible effects from
radiolysis products (315, 338, 342).

I1.E.1.5.3.1 Metals

More data exist on the behavior and corrosion resistance of
metals under anticipated repository environments than any of the other listed
groups. The specific nature of the environments involved (II.C), i.e.,
brines, bitterns, or hard rock ground water, can lead to markedly different
material requirements and characterization studies (337).

Several studies (315, 338, 342, 343, 344) have reported data on
the corrosion of candidate metals in brines under both oxygenated and anoxic
conditions. These data, obtained for temperatures up to 250°C, are appli-
cable to bedded and domed salt waste repositories as well as subseabed dis-
posal (315). Corrosion data for candidate metals (315, 338, 342) under repre-
sentative as well as severe overtest brine conditions demonstrate the long-
term durability of metallic barriers. Certain titanium and nickel-based
alloys show outstanding general corrosion resistance (315) to high-temperature
brines (70°C to 250°C) under both anoxic and oxygenated conditions, even
in the presence of a radiation field (338, 342).

Based upon laboratory test data, thin layers of these nickel or
titanium materials, 1/16 to 1/4 in. thick, should remain intact for hundreds
of years or more under these hostile conditions. Further studies in brine are
continuing (33£) so that localized attack (e.g., pitting, crevice corrosion,
stress corrosion cracking) can be more fully characterized under the same
conditions. Observed localized attack on several of the most promising can-
didates has been minimal (315, 338, 342).

Objectives of continuing metallurgical ccmpatibility testing
include (315) better definition of reaction mechanisms and kinetics, addi-
tional data necessary for repository design and performance assessment analy-
sis, and developing and testing of oredictive analytical models.
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Corrosion studies relevant to high-temperature geothermal brine
applications (343, 344) performed under anoxic conditions are in good agree-
ment with the geologic repository salt brine investigations (315, 342). 1In
both cases, titanium alloys show outstanding performance as a barrier (i.e.,
canister, overpack, sleeve) material, and several nickel-based alloys show
comparable properties.

Metal corrosion data relevant to materials selection for hard-
rock repositories (e.g. basalt, granite, tuff) under expected repository con-
ditions are not as extensive, but additional studies are planned (306). Hard
rock ground water is not expected to be as corrosive as brines, however, and
there are applicable results from the Swedish waste management program
(345-347). For unreprocessed spent fuel disposal in granite, thick copper
canisters were evaluated to have service life in ground water of thousands to
hundreds of thousands of years.

Although evaluation of candidate metallic barrier materials is
not complete, available data indicate that several alloys are capable of main-
taining their barrier integrity for extended time periods under expected salt
or granite repository environmental conditions. Metallic barriers are there-
fore expected to have a significant role in spent fuel package systems.

[1.E.1.5.3.2 Ceramics

In general, ceramics offer gcod resistance to chemical degrada-
tion. Several candidates have been selected which show strong resistance to
phase changes and hydration reactions (337). Also, in general, ceramic
materials are very resistant to radiation damage (348). Additional work on
these materials as package components is planned (306). As part of the
Swedish waste disposal program, aluminum oxide canisters formed by hot iso-
static pressing have been investigated for spent fuel disposal (347, 349).
Aluminum oxide appears in nature as corundum or sapphire. Like the diamond,
corundum is among the hardest natural materials known offering very high chem-
ical resistance over long (geological) periods of time (349). Tests in
granitic ground waters are being conducted at temperatures from 100°C to
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3509C. Preliminary results show that a canister of aluminum oxide with
100-mm-thick walls can conservatively withstand the action of the ground water

for thousanas of years (347).

I1.E.1.5.3.3 Carbon

Carbon in its various forms offers an excellent combination of
properties as a barrier to long-lived radionuclide transport. It is extremely
inert to essentially all reactive species at the temperature anticipated in
geologic repositories (337). [Its stability in high-temperature radiation
fields in nuclear reactors has been extensively investigated and verified
(350). It is relatively inexpensive and easy to fabricate. Pyrolitic carbon
has been investigated as a coating for HLW pellets from reprocessing (351) to
increase their leach resistance but has not yet been specifically investigated
as a component in a spent fuel package.

11.E.1.5.3.4 Glasses

Many glasses and glass-ceramic materials may be suitable as
candidates for waste barriers in the form of canisters, overpacks, or hole
sleeves. In general, glasses offer easier fabricability than ceramics, with
perhaps slightly less desirable chemical and physical properties when compared
to the most stable ceramic forms (337). Although easily discolored, glasses,
like ceramics, are very radiation resistant materials (352-357). Because of
their chemical stability (leach resistance and low solubility) as well as
radiation and thermal stability, glasses have been extensively investigated as
a waste form material (358-364). Natural glasses are well known and recog-
nized to have weathered well (365). Also, a glass-ceramic material, Cornirg's
spodumene glassceramic Code 9617, has received preliminary evaluation as a
canister material for disposal of spent fuel in a granite environment (346,
349); these early results indicate a corrosion rate of only about 0.01
c¢m/1,000 yr.
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I1.E.1.5.3.5 Concrete

Concrete or grout cast in place to form a massive barrier
appears promising in sleeve applications. Work on cementatious borehole plug
materials shows those materials have very low permeabilities (366). Used as
monolithic concrete hole sleeve, such materials would be inexpensive and
extremely resistant to water ingress. Ordinary hydration-type concretes may
be limited unless shielding by other package components can be used to miti-
gate radiolysis effects. Also tempcrature levels must be kept below the maxi-
mum tolerated by a given concrete type. However, as noted above, work with
certain concrete material has shown promise (367-371).

11.£.1.5.4 Emplacement Hole Backfill

Studies and performance testing on emplacement hole backfill
materials have been in progress for several years, in both the United States
and Sweden (339, 340, 345, 346, 372, 373, 374). The following list shows
materials which have received attention:

Sand Attapulgite

Bentonite Peat

Borates Other clay minerals
Zeolites Gypsum

Iron A1203

Ca0 Carbon

Mg0 CaClp

Tachyhydrite Sand

Anhydrite Crushed host rock
Apatite Mixtures of the above

Backfill materials are being tested for selective nuclide sorp-
tion capacities (for fission products and actinides), to eliminate or signifi-
cantly reduce radionuclide migration through the backfill barriers.* The

*Such materials are sometimes referred to as "getters" due to their ability to
retard the movement of certain materials.
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capability to prevent or delay ground water flow through the backfill is alsn
being evaluated. Other properties of interest being evaluated (339, 340, 372)
are thermal conductivity, mechanical support strength, swelling, plastic flow,

and forms and methods for emplacements.
Recent studies (339, 372) have focused on the testing and de-

velopment of smectite clay and sand barriers in the presence of several brine
compositions for utilization in a salt repository. Screening studies have
been completed on various clays, natural soils, and zeolites, as a function of
solution salinity, pH, flow rate, and temperature. The sorptive capacities
for Eu, Pu, Am, Cs, and Sr in brine have been measured for smectite clay (hec-
torite and bentonite/montmorillonite) and sand mixtures. The actinides plu-
tonium and americium sorb very well (K, values about 2000 ml/g) and Eu, Cs,
and Sr sorb moderately (K values about 200 ml/g). Mechanisms of nuclide
retention are ion exchange and precipitation, plus other chemical and physical
sorptive processes. Recently published data (375) indicate that reaction
kinetics are influenced by streaming potentials, chemical speciation, and
adsorption selectivity under repository conditions. Existing data (339, 372,
374) suggest that a properly chos:a, l-ft-thick backfill barrier surrounding a
waste container could delay the breakthrough of Pu and Am (defined as 1% of
original concentration) through the barrier for periods of 10,000-100,000
years, dependent upon the interstitial brine flow rate. Concurrently, the
breakthrough of Cs, Sr, and Eu could be delayed for 1,000-10,000 years, which
is sufficient time for nearly complete decay of those radionuclides. A wetted
clay/sand mix also swells appreciably, yielding a nearly impermeable ground

water barrier.
Backfill studies in Sweden (340, 346, 376) on bentonicte clay,

clay/sand mixtures, and barriers of the zeolite mineral clinoptilolite yield
similar results: a 0.2-m backfill barrier of clinoptilolite could delav the
breakthrough of Cs and Sr in ground water for about 10,000 years: a l-m thick
clay/sand mixture could delay the release of Pu and Np for about 2,000,000
years.

Other ongoing programs (377, 378) are generating additional
data for backfill barrier utilization. One activity (377) involves testing
the radionuclide sorptive behaviour of various rocks and minerals. Sorption
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has been shown to be an important potential barrier to nuclide transport
(374). The sorptive capacity of several minerals for anionic radioactive
chemical species, such as iodine and technetium, is also being studied (373)
along with the increased sorption of technetium under reducing conditions is
being investigated (365). Others are studying related waste/rock interactions
under high temperature, high pressure, aqueous conditions (378) providing
sorptive capacity information for various shales and clay minerals.

Currently available data on emplacement hole backfill barrier -
performance (339, 340, 374, 376), particularly in regard to radionuclide sorp-
tive characteristics, indicate that backfill materials can effectively con-
tribute to the isolation of radioactive wastes in a geologic repository in the
preserce of brines and other ground waters. Further work on these backfill

barrers is in progress (117, 339, 372, 374, 379) for better characterization
and engineering development.

1..E.1.6 Waste Package System Component Interactions

Waste package system component interactions (e.g., between the
waste canister and the emplacement hole backfill) is of importance for evalu-
ating the compatibility and effectiveness of the entire system. Chemical
and/or physical interactions among the waste package/adjacent host rock/
intruding ground water system also must be evaluated in the same light.

Swedish studies (340) on radionuclide 